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SUMMARY OF THIS STUDY 
 
Owing to the historical focus on gene induction, most reports on the regulation of 
transcription factors by oxidative stress have described the activation of stress-
inducible genes in response to various stimuli. In contrast to the wealth of literature 
on redox-dependent activation of transcription factors, very little is known in terms of 
the oxidative repression of transcription machinery. Recently, our laboratory showed 
that exposure of cells to non-toxic doses of H2O2 led to the inhibition of the 
ubiquituously expressed regulator of intracellular pH, NHE-1. Hence, the mechanism 
of NHE-1 gene repression upon exposure of cells to non-apoptotic concentrations of 
H2O2 was investigated.  
We show that the down-regulation of NHE-1 promoter activity and protein expression 
was abrogated by the presence of reducing agents such as beta mercaptoethanol. The 
pan-caspase inhibitor zVAD-fmk also blocked the effect of H2O2 on NHE-1 promoter 
activity and expression, but unlike beta mercaptoethanol, caspase inhibition was 
ineffective in rescuing the early phase of NHE1 repression. Interestingly, the effect of 
caspase inhibition was observed only after 9 hours of exposure to H2O2 and 
completely restored NHE-1 promoter activity by 18 to 24 hours. Using tetra-peptide 
inhibitors of a variety of caspases and siRNA-mediated gene silencing, caspases 3 and 
6 were identified as mediators of H2O2-induced NHE-1 repression, independent of 
initiator caspase activation. Furthermore, incubation of cells with various iron 
chelators, not only blocked the activities of caspases 3 and 6, but also affected NHE-1 
promoter and protein expression in a manner similar to zVAD-fmk. Activated 
caspases 3 was found in the nucleus of L6 cell upon stimulated by H2O2 in the 
absence of cell death. Interestingly, we also discovered that ONOO- plays an 
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important role to regulate NHE-1 promoter activity as well. The production of 
ONOO- appears to be dependent on the presence of iron. We speculate that 
p38MAPK-HO-1 signaling pathway could be one pathway that releases the 
intracellular iron that is required for the down-regulation of NHE-1 gene expression. 
Taken together, our data show that a mild oxidative stress represses NHE-1 promoter 
activity and expression via an early oxidation phase blocked by reducing agents and a 
late phase requiring an iron-dependent increase in caspases 3 and 6 activities. 
Moreover, these data suggest that iron-mediated activation of caspase 3 and 6 may be 
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CHAPTER 1: INTRODUCTION 
1.1 FREE RADICALS AND REACTIVE SPECIES 
 
1.1.1 Overview of free radicals and their derivative reactive species 
Free radical can be defined as any species capable of independent existence that 
contains one or more unpaired electrons (Halliwell and Gutteridge, 1999; Koppenol, 
1990). There is a variety of free radicals made in the living system and their chemical 
reactivity varies over a wide spectrum. Some examples of free radicals and their 
derivatives that are commonly involved in redox signaling are shown in Table 1. 
 
RADICALS NON-RADICALS 
Superoxide, O2•- Hydrogen peroxide, H2O2 
Hydroxyl, OH• Peroxynitrite, ONOO- 
Nitric oxide, NO• Nitronium ion, NO2+ 
Nitrogen dioxide NO2• Hypochlorous acid, HOCl 
Thiyl, RS•  
Peroxyl, RO2•  
 
Table 1: Examples of free radicals and their derivatives 
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1.1.2 Reactive Oxygen Species  
 
1.1.2 A  Major types of free radicals and their derivatives  
Reactive oxygen species (ROS) are oxygen-derived small molecules that include the 
oxygen radicals as well as non-radicals. ROS are either oxidizing agents and/or are 
easily converted into radicals (Bedard and Krause, 2007). ROS are produced by 
mammalian cells as by-products of normal cellular metabolism from mitochondria, 
peroxisomes and other cellular components (Archer et al., 2008; Bonekamp et al., 
2009; Li et al., 2008).  
The superoxide anion, O2•- is one of the most well-studied free radicals. It is formed 
by univalent reduction of triplet-state molecular oxygen (Droge, 2002). O2•- can be 
produced by activation of the membrane-bound NADPH oxidase complex and 
xanthine oxidase enzyme system in response to external stimuli (Kliubin and Gamalei, 
1997; Margolin and Behrman, 1992). Xanthine oxidase metabolized xanthine or 
hypoxanthine in the cytosol to produce O2•- as illustrated in figure A (Droge, 2002; 
Halliwell and Gutteridge, 1999). O2•- can also be produced non-enzymically by auto-
oxidation reactions, especially in the presence of transition-metals ions (Halliwell and 
Gutteridge, 1999). Biologically-important molecules such as glyceraldehydes, the 
hormones adrenalin and noradrenalin, and thiol compounds such as cysteine are 
sources of O2•- (Halliwell and Gutteridge, 1999; Yan and Spallholz, 1993).  
The enzymes superoxide dismutases (SOD) dismutate O2•- to form H2O2 in cells 
(Frederiks and Bosch, 1997; Pigeolet et al., 1990), and H2O2 can be converted to 
highly reactive hydroxyl radical (OH•) in the presence of transition-metal iron (II) 
ions (Fe2+) via Fenton reaction (Halliwell and Gutteridge, 1999) as shown:  
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Fe2+   + H2O2  Fe 3+ + OH• + OH- 
Alternatively, H2O2 can be converted into water (H2O) with the help of the enzymes 
catalase or glutathione peroxidase (GPX) as shown in Figure A (Day, 2009; Urban et 











Figure A: Pathways of ROS production and clearance  
Diagram adapted from (Droge, 2002).  
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1.1.2 B  Redox signaling  
The presence of ROS in cells have impacts on both physiological and pathological 
pathways. Historically, ROS are treated as agents inducing cellular damage, having 
deleterious effects and causing death in the biological systems. Indeed, ROS induce 
an oxidative damage to cells when the level of ROS exceeds a certain threshold and 
becomes toxic for the cell integrity (Galaris et al., 2008; Lu and Gong, 2009; Takano 
et al., 2003). However, recent evidence supports the involvement of ROS in normal 
physiological signaling pathways. For example, the adhesion of leukocytes to 
endothelial cells is induced by ROS in particular H2O2 and such cell adhesion can be 
blocked by catalase (Roy et al., 1999). ROS are also implicated in insulin receptor 
kinase activation (Azar et al., 2006; Schmid et al., 1999). H2O2  has been shown to 
activate insulin receptor through the inhibition of tyrosine phosphatases (Heffetz et al., 
1990). Numerous studies show that the MAPK signaling cascades are activated by 
ROS (Bhat and Zhang, 1999; Liu et al., 2006; Ruiz-Ramos et al., 2005). In 
oligodendrocyte, activation of extracellular signal-regulated kinase (ERK), p38MAPK, 
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1.1.3 Reactive Nitrogen Species  
 
1.1.3 A  The production of NO from nitric oxide synthase 
Reactive nitrogen species (RNS) are nitrogen-containing oxidants. Like ROS, RNS 
are divided into radicals and non-radicals. Among the RNS, nitric oxide (NO) and 
ONOO- are most well-studied. L-arginine is the physiological precursor for the 
formation of NO in higher organisms by the oxidation of one of the terminal guanido-
nitrogen atoms. This process is catalyzed by the enzyme nitric oxide synthase (NOS) 
(Palmer et al., 1988). There are three structurally distinct isoforms of NOS identified 
in mammalian cells, namely neuronal NOS (nNOS), endothelial NOS (eNOS) and 
inducible NOS (iNOS) (Salerno et al., 2002). nNOS, also known as NOS1 is the first 
NOS to be cloned and purified (Bredt and Snyder, 1990). nNOS is highly expressed in 
brain tissues and NO as well as NO-derived oxygen species are suggested to modulate 
the balance between the activities of kinases and phosphatases in neurofilament and 
microtubule of neuronal cells (Rothe et al., 2002; Yang et al., 2002). iNOS which is 
also known as NOS2, is inducible in many tissues by proinflammatory cytokines and 
ROS (Chen et al., 2002; Chen et al., 2006; Simmons et al., 2002). Over-expression of 
iNOS in cells increases the level of NO and NO-derived oxygen species and usually 
results in cell toxicity and cell death (Fernandez-Gomez et al., 2005; Lee et al., 2007). 
The third NOS, eNOS also known as NOS3, can be found mainly in the endothelium, 
is also found in neurons and other tissues (Gobeil et al., 2002; Huang et al., 2000). 
Unlike iNOS, both nNOS and eNOS are constitutively expressed (Gradini et al., 1999; 
Xue et al., 1994). 
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1.1.3 B  NO and its derivatives 
NO can be converted into other RNS such as nitrosonium cation (NO+), nitroxyl anion 
(NO-) or peroxynitrite (ONOO-) in an optimum micro-environment (Stamler et al., 
1992). RNS have a dual-effect, both cytotoxic and physiological. Though NO is 
described to have cytotoxic effects, most of these effects are attributed to its oxidation 
products instead of NO directly (Pacher et al., 2007). NO and its radicals have been 
shown to induce cytotoxic effects on neurons and astrocytes that result in 
neuroinflammatory diseases (Braidy et al., 2009).  
 
1.1.3 C  Peroxynitrite  
Peroxynitrite (ONOO-) is a strong oxidant and can react directly with the electron-rich 
groups such as sulfhydryls, iron-sulfur centers and zinc-thiolates (Crow et al., 1995; 
Kuhn et al., 1999; Soum et al., 2003). ONOO- inactivates metabolic enzymes by 
reacting rapidly with the iron-sulfur clusters of these enzymes (Castro et al., 1994; 
Castro et al., 1998; Tortora et al., 2007). Disruption of the zinc-thiolate center at the 
active site of yeast alcohol dehydrogenase by ONOO- results in its inactivation and 
zinc release (Crow et al., 1995). ONOO- also mediates apoptotic and necrotic cell 
death and causes many diseases and disorders in human (Hansen et al., 2000; Lau et 
al., 2006; Levrand et al., 2006; Virag et al., 1998).  
In recent years, a growing body of literature has provided evidence of a role for 
ONOO- in modulating the MAPK signaling pathways in different cell types. In 
cultured rat lung myofibroblasts, ONOO- induced ERK activation through the 
activation of MEK-1. At the same time, epidermal growth factor receptor (EGFR) and 
Raf-1 are also activated by ONOO- although they are not involved in ONOO--
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mediated ERK activation (Zhang et al., 2000). Another study shows that 
phosphorylation of ERK1/2 after ONOO- exposure occurs via a MAPK kinase 
(MEK)-independent but PKC-dependent pathway in rat-1 fibroblasts (Bapat et al., 
2001). ONOO- is extremely efficient in activating p38MAPK as the phosphorylation 
of p38MAPK protein occur within minutes after stimulating with even low doses of 
ONOO- (Pacher et al., 2007). In H9C2 cardiomyocytes, ONOO- from 50µM to 
300µM phosphorylate both JNK and p38, as well as ERK1/2, indicating that ONOO- 
simultaneously activate both pro- and anti-apoptotic signaling cascades (Pesse et al., 
2005). ONOO- can either oxidize or nitrate proteins in the phosphotyrosine signaling 
pathways. This results in a transient and reversible modification, if not an irreversible 
modification of proteins. Whether ONOO- induces cells to proliferate or die is 
dependent on the relative concentration to which these cells or tissues are exposed 
(Pacher et al., 2007). 
 
1.1.4 The antioxidant system 
In cells, radicals and their derivatives are constantly produced from metabolic 
processes; however cells will survive and function normally. This is because of the 
balance between the rates of ROS and RNS production and the rates of clearance by 
various antioxidant compounds and enzymes (Droge, 2002). Antioxidant is defined as 
any substance that, when present at low concentration compared with those of an 
oxidizable substrate, significantly delays or prevents oxidation of that substrate 
(Halliwell and Gutteridge, 1999). The antioxidant defence enzymes from this 
definition include superoxide dismutase (SOD), glutathione peroxidase (GPx) and 
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catalase, whereas the non-enzymatic antioxidant compounds include α-tocopherol 
(vitamin E), β-carotene, ascorbate (vitamin C) and glutathione.  
 
1.1.5 Oxidative stress 
In normal healthy cells, the production of ROS and RNS is balanced by the 
antioxidant defence system mentioned in section 1.1.4 above. However, imbalance 
between the oxidants (ROS/RNS) and antioxidants defence system do occur, and the 
damaged molecules have to be repaired or replaced in order not to disturb the 
equilibrium of the steady state (Halliwell and Gutteridge, 1999). The term “oxidative 
stress” is initially used to describe a disturbance in the pro-oxidant and antioxidant 
balance such that the system is in favor of the former (Sies, 1997). This situation 
occurs when the amount of ROS/RNS present in the cells surpasses the threshold the 
antioxidant system can withstand and results in oxidative damage.  
However, it was later found that the physiological variations in the cellular redox-
equilibrium could be easily detected by cells and adaptations were made accordingly 
(Galaris et al., 2008). Moreover, the major cellular thiol/disulfide systems are also not 
in redox-equilibrium and they respond differently to stimuli. Individual signaling and 
control events occur through discrete redox pathways rather than through mechanisms 
that are directly responsive to a global thiol/disulfide balance such as that 
conceptualized in the common definition of oxidative stress by Sies. In order to 
incorporate the newly emerged developments and findings, a new definition 
describing “oxidative stress” as a disruption of redox signaling and control (Jones, 
2006). 
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1.1.6 The NOX family NADPH oxidases 
The NOX family NADPH oxidases are transmembrane proteins that transfer electrons 
across biological membranes. Usually oxygen is the electron acceptor and O2•- is the 
product of the electron transfer reaction (Bedard and Krause, 2007). To date, there are 
seven members of the NOX protein family identified, namely NOX1, NOX2, NOX3, 
NOX4, NOX5, DUOX1 and DUOX2 (Nauseef, 2008). All members of the NOX 
family have six predicted transmembrane domains, motifs for NADPH and FAD 
binding at the C-terminus, and conserved paired histidines that could ligate heme 
groups. In DUOX proteins, there is an additional N-terminal transmembrane domain 
(Bedard and Krause, 2007; Nauseef, 2008). Figure B shows the structure of the NOX 
family proteins. Though most of the NOX proteins produce O2•- as their end-product, 
NOX4 and DUOX produce H2O2 instead (Forteza et al., 2005; Martyn et al., 2006; 
































Figure B: Structural organization of NOX protein family members 
There are four different formats for the structural organization of members of the 
NOX protein family depending on the nature of their activity (constitutive versus 
agonist-dependent), the requirement of p22phox, dependence on cytosolic cofactors, 
the presence of EF-hands, and dependence on calcium. DUOX alone has an additional 
transmembrane domain with an extracellular domain with limited sequence homology 
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NOX1 is constitutively expressed in a variety of cell types such as vascular smooth 
muscle cells, human colonic epithelial cells and human prostate cells (Lassegue et al., 
2001; Laurent et al., 2008; Lim et al., 2005; Rokutan et al., 2006). The over-
production of ROS by NOX has been implicated as a risk factor in cancer 
development and NOX1 has been associated with Ras oncogene-induced cell 
transformation (Kamata, 2009). NOX1 is absent in normal gastric cells but expressed 
in gastric cancer cells (Tominaga et al., 2007). In addition, NOX1 is also found to be 
involved in the pathogenesis of inflammatory bowel diseases (Szanto et al., 2005). 
The prototype of the NOX protein family is NOX2. NOX2 is also known as 
gp91phox, is the catalytic component of the phagocyte NADPH oxidase (Hordijk, 
2006; Sumimoto et al., 2004). Findings have demonstrated that NOX2 is also found in 
non-phagocytic cells such as neurons (Dai et al., 2006), cardiomyocytes (Laskowski et 
al., 2006; Zhang et al., 2006), and skeletal muscle cells (Hutchinson et al., 2007). 
NOX2 gene expression is inducible (Bedard and Krause, 2007). The gene expression 
of NOX2 is increased in response to Angiotensin II in brain and cardiac cells (Johar 
et al., 2006; Wang et al., 2006a). In addition, NOX 2 expression has also been shown 
to increase during ischemia and after acute myocardial infarction (Krijnen et al., 2003; 
Meischl et al., 2006). Rac1 and Rac2, which belong to the Rho subfamily of Ras-
related GTPases have been suggested to play an essential roles in the activation of 
NOX2 (Furst et al., 2005; Miyano et al., 2009). 
NOX3, NOX4 and NOX5 encode proteins of around 65 kDa, were cloned by Cheng 
at al in non-phagocytic cells in 1991 (Cheng et al., 2001). There are less publications 
reporting on NOX3. At this moment, it is still unknown that whether NOX3 system is 
inducible or constitutively active (Bedard and Krause, 2007). NOX3 is mainly 
P g | 31 
 
expressed in the inner ear and participates in otoconia formation that is important for 
normal perception of gravity and motion (Banfi et al., 2004; Nakano et al., 2007; 
Ueno et al., 2005). NOX4 is frequently expressed in the tumor cells (Cheng et al., 
2001). Enhanced expression of NOX4 appears to be involved in cell proliferation and 
survival in glioma cells (Shono et al., 2008). In contrast, a study shows that the non-
psychoactive cannabinoid compound, cannabidiol, induced apoptosis in leukemia 
cells by increasing the expression of NOX4 (McKallip et al., 2006). Over-expression 
of NOX4 in human endothelial cells has been shown to enhance the formation of O2•- 
and activate p38MAPK (Goettsch et al., 2009).  NOX5 is a ROS-generating NADPH 
oxidase which contains an N-terminal EF-hand region and can be activated by 
cytosolic Ca2+ elevations and protein kinase C (Serrander et al., 2007b). A recent 
study shows that phosphorylation of NOX and/or their regulatory subunits are 
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1.1.7 Hydrogen peroxide as a signaling molecule 
H2O2 possess five essential characteristics that supports its definition as a signaling 
molecule (Table 2).  
The role of H2O2 as a messenger in signaling processes is strongly supported by 
numerous experimental evidence, though the biochemical mechanisms by which 
mammalian cells sense and respond to low concentrations of H2O2 are still not well 
understood. In primary adult cardiac fibroblasts, H2O2 activates NOX4/p22 phox-
containing oxidant generating complex through a pathway that requires activation of 
phospholipase A2 (Colston et al., 2005). H2O2 activates p38α-MAPK that in turn 
regulates the translocation of exogenous fibroblast growth factor 1 (FGF1) into the 
cytosol and nucleus by the phosphorylation of transmembrane FGF receptor, FGFR 
(Sorensen et al., 2008). H2O2  appears to directly regulate the intensity of growth-factor 
signaling in cells by inhibiting crucial phosphatases that are involved in the 
attenuation of signal propagation from activated growth-factor receptors (Stone and 
Yang, 2006). Interestingly, H2O2  produced in response to hormones and cytokines has 
been demonstrated to be important in the development and maintenance of cells’ 
differentiation (Krieger-Brauer and Kather, 1995). The role of H2O2 as second 
messenger in cell signaling pathways are proposed by Giorgio et al and are simplified 







P g | 33 
 
 
Characteristics of second messengers H2O2 as second messenger 
Increases in concentration via enzymatic 
production or release from sites of higher 
concentration through channels 
Increase in concentration by 
oxidoreductases and DUOXs and from 
dismutation of O2•- 
Decrease in concentration through:  
1) enzymatic degradation 
2) restoring concentration gradients by 
the action of pumps 
3) diffusion from cell that may enhance 
by reaction or binding of the second 
messenger in another cell 
Decrease in concentration through 
enzymatic degradation by catalase, 
glutathione peroxidises and 
peroxiredoxins 
Intracellular level rises and falls rapidly Level rises and falls rapidly from a 
steady-state as nanomolar 
Specific in action Specific in action 
Gradients of their concentration from 
their origin to where they are degraded or 
sequestered determines where they are 
effective (targets must near sites of 
production) 
Gradient of H2O2 from its origin to where 
it is degraded is very steep: needs to react 
within a few molecular diameters of its 
site of production with its target because 
of the distribution of the antioxidant 
enzymes throughout the cell 
 
Table 2: Characteristics of H2O2 as second messenger 
























Figure C: Roles of H2O2 in a mammalian cell 
This figure shows several enzymatic systems that generate H2O2 in different cellular 
compartments, and the regulatory macromolecules that are targeted by H2O2. 
Interrupted arrows indicate that cytoplasm-generated H2O2 might diffuse into the 
nucleus. Diagram taken from (Giorgio et al., 2007). 
 
(PHOX: phagocytic oxidases, NOX: NADP/H oxidases, SOD2: superoxide dismutases, 
p66: mitochondrial p66Shc, AO: amine oxidase, POX: peroxisomal oxidases, SOX: 
sulphydryl oxidase, ER: endoplasmic reticulum, AAO: amino-acid oxidases, COX: 
cyclooxygenease, LOX: lipid oxygenase, XO: xanthine oxidase, SOD1: superoxide 
dismutases, PTP: mitochondrial permeability transition pore, CAT: Catalase, GPX: 
glutathione peroxidase) 
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1.2 REDOX REGULATION OF GENE EXPRESSION 
1.2.1 Binding of transcription factors to DNA is influenced by redox balance 
Variations in the level of intracellular ROS and RNS has been demonstrated to 
modulate cell metabolism, post-translational modifications of proteins and gene 
expression (Sies, 1997). Oxidative stress can up-regulate or down-regulate gene 
expression depending on the transcription factor and the mechanism of activation 
(Arrigo, 1999). In eukaryotes, to induce the expression of specific genes, transcription 
factors must bind to the promoter regions of the target genes to initiate the 
transcription by RNA polymerase II (Zahradka et al., 1989; Zhu et al., 2004). There 
are two major steps in the activation of transcription that have been described to be 
influenced by redox balance. The first step involves the mechanism to activate the 
transcription factor such that it will translocate into the nucleus. The second step 
involves the binding of the transcription factor to the promoter region at the 5´ end of 
the target gene (Arrigo, 1999; Boulikas, 1995; Droge, 2002).  
The binding region of the transcription factors usually contains an accumulation of 
positively-charged amino acids to stabilize the deprotonated thiol groups, hence 
making the cysteine group in the DNA binding region highly susceptible to oxidation 
(Droge, 2002; McBride et al., 1992; Wu et al., 1996). Oxidation of the cysteine 
residues in the DNA binding region prevents the transcription factors from binding to 
the DNA (Akamatsu et al., 1997; Manly and Matthews, 1979). A “zinc finger” 
structure is formed when four cysteines and/or histidines localized at specific sites 
along the protein sequence, interact with a zinc atom electrostatically (Arrigo, 1999). 
Zinc finger structures require at least two zinc-coordinated cysteine sulfhydryl groups, 
and oxidation or alkylation of these can eliminate DNA-binding and transcriptional 
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functions (Webster et al., 2001). Therefore, variations of the intracellular redox status 
can modify the activity of transcription factors because of the sensitivity of the thiol 
groups to oxidation.  
1.2.2 Transcription factors that are responsible for gene induction mediated by 
ROS  
There are several transcription factors that are modulated by the basal intracellular 
redox state. The two most studied transcription factors are nuclear factor kappa B 
(NF-κB) and activator protein 1 (AP-1). Both transcription factors are involved in 
inducing gene expression during oxidative stress. 
1.2.2 A  NF-κB 
NF-κB is activated by many different stimuli, in particularly oxidative stress in order 
to migrate from the cytosol into the nucleus and bind DNA (Canty et al., 1999). NF-
κB exists as a dimeric transcription factor that is involved in the regulation of a large 
number of genes that control various aspects of the immune and inflammatory 
response (Li and Karin, 1999). The NF-κB/Rel family comprises five binding 
subunits, namely p50, p52, p65 (RelA), c-Rel, and Rel-B that form various 
combinations of homo- and heterodimers (Duckett et al., 1993). The more frequent 
form of NF-κB is a heterodimer complex containing the p50 and p65 (RelA) subunits. 
When unstimulated, NF-κB/Rel proteins interact with specific inhibitory proteins 
called the IκBs when they are present in the cytosol (Chen et al., 1998). IκBs prevent 
DNA binding and nuclear transport of NF-κB/Rel proteins (Stephenson et al., 2000). 
When stimulated, the NF-κB-IκB complexes are dissociated, allowing translocation of 
the free NF-κB dimers into the nucleus and initiate transcription (Arrigo, 1999; 
Stephenson et al., 2000). 
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Signal-induced phosphorylation of serines 32 and 36 of IκB-α within the inactive NF-
κB-IκB-α complex is required for the subsequent ubiquitination and proteolysis of 
IκB-α which then releases NF-κB to promote gene transcription (Burke and Strnad, 
2002). It was reported that intracellular ROS such as H2O2 stimulate the 
phosphorylation and degradation of IκBs (Kretz-Remy et al., 1996). The activation of 
NF-κB was shown to be inhibited by antioxidants. In cultured normal human 
epidermal keratinocytes, 300µM of H2O2 was demonstrated to induce translocation of 
NF-κB from the cytosol into the nucleus by an immunofluorescence study using anti-
human NF-κB and anti-human RelA antibodies. Presence of N-acetyl-L-cysteine or 
pyrrolidine dithiocarbamate prevented the nuclear localization of NF-κB (Ikeda et al., 
2002). A rapid decline of nuclear translocation of NF-κB was observed in catalase 
over-expressing MCF-7 tumor cells. This resulted in a slower increase of NF-κB-
mediated reporter gene expression in response to ROS stimulus (Lupertz et al., 2008). 
Therefore these observations provide evidences that the redox-sensitive transcription 
factor NF-κB is activated by ROS to induce gene expression (Figure D).  
 
1.2.2 B  AP-1 
Another well-studied example of transcription factor that is modulated by intracellular 
redox status is AP-1. Transcription factor AP-1 activates the transcription of a number 
of different genes that are involved in cell proliferation, apoptosis and inflammatory 
reactions such as beta-catenin target genes, cyclin D1, c-myc and interleukin-2 
(Toualbi et al., 2007; Tsuruta et al., 1995). AP-1 is composed of two DNA-binding 
subunits of the fos and jun multigene family of transcription factors (Pennypacker et 
al., 1992; Vollgraf et al., 1999). The c-Fos and c-Jun proteins are postulated to 
dimerize via hydrophobic interactions of the α-helices forming a leucine zipper 
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(Glover and Harrison, 1995). The activation of AP-1 requires the synthesis of c-Fos 
and c-Jun proteins (Curran and Franza, 1988), whereas the production of c-Fos and 
c-Jun proteins are shown to be induced by ROS such as H2O2 and O2•- (Droge, 2002) 
(Figure D). For example, in rabbit lens epithelial cells, H2O2 has been shown to 
activate protein kinase- and phosphatase-dependent signal transduction pathways to 
induce c-jun and c-fos expression (Li et al., 1994). In rat lung epithelial cells, besides 
upregulating c-Fos and c-Jun mRNA levels, H2O2 also upregulates the expression of 
other nuclear proteins and complexes that bind AP-1 recognition sequence (Janssen et 
al., 1997). Oxidative activation of JNK is found to be responsible for the oxidative 
activation of transcription factor AP-1 (Karin, 1995). Upon activation, JNK 
phosphorylates the serine residues 63 and 73 of the transactivation domain of c-Jun to 
make it functional (Karin and Smeal, 1992). 
 
1.2.2 C  HSF1 
HSF1 is a family of heat shock factors whose activation and DNA binding is 
dependent on stress signals. Oxidation and/or depletion of intracellular thiols induce 
the binding of the transcription factor HSF1 to the heat shock promoter element (HSE) 
on the genes encoding for heat shock proteins (Paroo et al., 2002). In contrast, protein 
kinase MAPKAP kinase 2 (MK2) directly phosphorylates HSF1 at serine 121 and 
enhances HSF1 binding to its repressor HSP90, hence decreasing the binding ability 
of HSF1 to HSE (Wang et al., 2006b). Activation of HSF1 requires it to convert from 
a monomer to trimer state (Figure D) and this trimerization process as well as 
phosphorylation, nuclear localization and DNA-binding activity of HSF1 have been 
shown to be inhibited by reducing agent DTT (Huang et al., 1994). 

















Figure D: Schematic illustration of the steps in transcription factors NF-kB, AP-
1, HSF1 and p53 activation that may be influenced by ROS and thiols-containing 
molecules 
This figure shows several enzymatic systems that generate H2O2 in different cellular 
compartments. Diagram taken from (Arrigo, 1999). 
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1.2.2 D Nrf2 
The transcription factor NF-E2-related factor 2 (Nrf2) is also redox-regulated. Nrf2 is 
the key transcription factor regulating the antioxidant response. Activation of Nrf2 
induces the transcription of genes responsible for cellular antioxidant and xenobiotic 
detoxification enzymes  (Li et al., 2006). These genes contain within their promoters 
an antioxidant response element (ARE) where Nrf2 can bind after forming 
heterodimers with the small Maf proteins (Mafs) (Tanito et al., 2007). Normally, Nrf2 
is associated with the protein, Kelch-like ECH-associated protein (Keap1) forming a 
complex and is sequestered in the cytosol. During oxidative stress, the cysteine 
residues of Keap1 proteins are oxidized and oxidized Keap1 is dissociated from Nrf2 
(Dinkova-Kostova et al., 2002). This facilitates the translocation of Nrf2 into the 
nucleus and binding to the ARE region of the targeted genes to initiate their 



























Figure E: Redox-mediated activation of transcription factor Nrf2 
Oxidants and electrophiles oxidize thiol groups present on cytoplasmic Keap1 which 
allows Nrf2 to become separated and translocated into the nucleus. Nrf2 forms 
heterodimers with small Maf proteins that bind to the antioxidant response element 
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1.2.3 Gene repression mediated by ROS  
In contrast to the wealth of literature on redox-dependent activation of transcription 
factors, very little is known in terms of the oxidative repression of transcription 
machinery. At this moment, there are not many reports on the down-regulation of 
genes by ROS. 
The NFI (nuclear factor 1) proteins are a family of ubiquitous transcription factors 
that form homo- and heterodimers and regulate a variety of gene promoters such as 
collagen, albumin, vitellogenin, aspartate aminotransferase and cytochrome P450 1A1 
(Chaudhry et al., 1998; Morel and Barouki, 1998). The activity of the nuclear factor 
I/CCAAT transcription factor (NFI/CTF) is shown to be negatively regulated by 
oxidative stress (Morel and Barouki, 2000). When 10-50µM of H2O2 is added to 
human hepatoma cell line HepG2, the transactivating domains of transcription factor 
NFI/CTF are repressed. This repression involves the oxidation of critical redox-
sensitive Cys-427. Repression of transcription factor NFI/CTF down-regulates the 
gene expression of cytochrome P450 1A1 which is an endogenous ROS-producing 
system (Morel and Barouki, 2000). 
H2O2 has been demonstrated to inactivate and down-regulate of MMP-2 expression 
during the onset of indomethacin-induced ulceration in gastric cells. Antioxidants 
such as curcumin and melatonin (N-acetyl-5-methoxytryptamine) inhibited the 
inhibitory effect of H2O2 on MMP-2 (Ganguly et al., 2006).  
Hepcidin which is a liver peptide is down-regulated during hypoxia. ROS were found 
to repress the hepcidin gene by preventing transcription factors C/EBP-alpha and 
STAT-3 from binding to hepcidin promoter during hypoxia (Choi et al., 2007). 
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1.3 ROLES OF SUPEROXIDE AND HYDROGEN PEROXIDE IN CELL 
SURVIVAL AND TUMORIGENESIS 
 
ROS such as O2•- and H2O2 are potentially harmful to cells when huge amount is 
exposed. However, growing experimental evidence show that O2•- and H2O2 
especially O2•- at low levels appear to act as novel second messengers that are capable 
of promoting cell survival and growth responses (Burdon, 1995; Pervaiz and Clement, 
2007).  Studies show that the pro-oxidant state of the cell is associated with the 
transformed phenotype and inhibit apoptosis in tumor cells (Gupta et al., 1999; 
Pervaiz and Clement, 2004). For example, low concentration of O2•- promotes 
proliferation and transformation of liver oval cells and this indicates its important role 
in hepatocarcinogenesis (Li et al., 2000). H2O2  has shown to initiate tumor promotion 
in rat liver epithelial oval cell line (Huang et al., 1999). Expression of a constitutively 
active form of small GTP-binding protein, Rac1 in human melanoma cells (M14) 
resulted in a mild increase in intracellular O2•- and reduce the sensitivity of tumor cells 
to apoptosis (Pervaiz et al., 2001). Submicromolar levels of intracellular O2•- and 
H2O2 could stimulate a proliferative signal by modulating activities of protein kinases, 
oxidative inactivation of phosphatases, and activation of transcription factors (Sauer 
et al., 2001). Transcription factor Ets-1 is known to regulate genes relevant to 
proliferation and metastasis (Hahne et al., 2005; Katayama et al., 2005). H2O2 up-
regulate Ets-1 indicates that it is involve in the pathway of tumor progression and 
metastasis (Wu, 2006). Exposure of cells to low level of H2O2 stimulates the activation 
of c-jun and c-fos and increase cells’ capacity to proliferate (Datta et al., 1992). 
Recent findings from our laboratory also show that O2•- act as a physiological second 
messenger for Akt activation through S-nitrosylation of phosphatase PTEN (Lim and 
Clement, 2007). 
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While low level of H2O2 promotes cell proliferation, moderate level of H2O2 can 
result in cell growth arrest and high level of intracellular H2O2 will lead to apoptosis 
(Chen, 2000; Wiese et al., 1995). H2O2-induced apoptosis is due to a sustained 
decrease in the intracellular O2•- concentration and the acidification of the intracellular 
milieu (Clement et al., 1998).  An increase in intracellular O2•- concentration has 
shown to increase the gene expression of an important pH regulator, NHE-1 which is 
accounted for the rise of intracellular pH in tumor cells. On contrary, an increase in 
intracellular H2O2 concentration results in the decrease in NHE-1 gene expression and 
hence drops in intracellular pH (Akram et al., 2006b). Interestingly, findings from our 
laboratory show that H2O2-mediated cytosolic acidification during drug-induced 
apoptosis of tumor cells via mitochondrial translocation of Bax. The translocation of 
Bax proteins are independent on the activation of caspases but dependent on the 
acidification of the intracellular milieu (Ahmad et al., 2004). Therefore, we can say 
that if the intracellular pH induced by H2O2 decreases beyond a certain threshold, 
caspases and/or other death-related factors will be activated and the cells will be 
signaled to death (Clement et al., 1998; Hirpara et al., 2001; Yamakawa et al., 2000). 
On the other hand, chronic exposure of cells to moderate amount of H2O2 will drive 
these cells to senescence and aging (Giorgio et al., 2007; Wiese et al., 1995). This 
could be due to insufficient acidification of the intracellular milieu to execute death 
signaling cascade. 
Taken into consideration that numerous reports and our laboratory research findings 
strongly demonstrate that O2•- supports cell survival and promotes oncogenesis and 
H2O2 prevents carcinogenesis by facilitating senescence and cell death signaling, we 
propose a novel role for O2•-  as “Onco-ROS” oxygen species, and contrarily “Onco-
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suppressor-ROS” role for H2O2 (Pervaiz and Clement, 2007). The potential roles of 




Figure F: Schematic representation of the role of ROS in oncogenesis 
Intracellular ratio of O2•- and H2O2 is maintained by the tight control imposed by 
cellular anti-oxidant enzyme systems and the rates of cell proliferation and cell death 
are kept in a balance to maintain homeostatic growth. A tilt predominantly in favor of 
O2•-, such as occurs in tumor cells where the anti-oxidant defenses are 
deficient/defective, promotes cell survival via a direct or indirect effect on facilitating 
cell proliferation or inhibiting apoptosis, two prerequisites for cancer promotion and 
progression. In contrast, a change in the ratio favoring H2O2 creates an intracellular 
environment permissive for death execution by its effect on pathways that induce 
cytosolic acidification, and indirectly via exerting an inhibitory effect on intracellular 
O2•- production and accumulation. Diagram and text adapted from (Pervaiz and 
Clement, 2007). 
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1.4 SODIUM-HYDROGEN EXCHANGER 1 (NHE-1) 
 
1.4.1 NHE and intracellular pH regulation 
 
An optimum concentration of intracellular and extracellular protons in the mammalian 
system is extremely important, and it is one of the most tightly regulated parameters 
in the cell (Meima et al., 2007; Yu et al., 2000). Fluctuations of pH in the cell can 
affect the acid-base status of the intracellular milieu which can in turn influence the 
normal functioning of the proteins, ion channels, and many other physiological 
processes. Moreover, an increase in intracellular pH (pHi) above the norm can 
stimulate cell growth and proliferation; while a decrease can activate cell death 
(Clement et al., 1998; Konstantinidis et al., 2006; Sardet et al., 1991). In this way, 
protons flux is important for the cell to maintain its pH homeostasis, and NHE 
(Na+/H+ exchanger) proteins serve as an important pH regulators of the mammalian 
cell. NHE-1 is the first isoform identified and is widely expressed in the plasma 
membrane (Noel and Pouyssegur, 1995). It is well established that NHE-1 can be 
activated by mitogenic stimuli, and numerous studies have also shown that NHE-1 is 
involved in cell proliferation, cell differentiation and cell migration (Akram et al., 
2006b; Dyck and Fliegel, 1995; Pedersen, 2006; Putney et al., 2002; Stock and 
Schwab, 2006). It is also now evident that NHE-1 is important in the maintenance of 
tumor phenotype and metastasis (Reshkin et al., 2000b).  Therefore, understanding the 
functions and regulations of NHE-1 could be a key element in the field of tumor cell 
biology research.   
 
 
P g | 47 
 
1.4.2 The mammalian NHE family 
 
NHEs are integral glycoproteins that facilitate an exchange of one intracellular proton 
for an extracellular sodium ion. There are nine human NHE (or SLC9A) members 
identified to date (Kemp et al., 2008; Orlowski and Grinstein, 2004). All the isoforms 
(NHE-1 to NHE-9) consist of an amino (N-) terminal membrane domain with twelve 
relatively conserved transmembrane spanning helices, and an intracellular long 
carboxyl (C-) terminal domain (Orlowski and Grinstein, 2004; Slepkov et al., 2007). 
In mammalian cells, NHE-1 is most ubiquitously expressed in the plasma membrane 
and plays a housekeeping role. NHE-2 to NHE-5 is more tissue-specific, and 
interestingly NHE-6 to NHE-9 can be found in the intracellular compartments 
(Zachos et al., 2005; Zhang et al., 2007). The NHE isoforms are pharmacologically 
inhibited by the diuretic amiloride and its analogues, benzyolguanidinium-based 
derivatives (Pedersen et al., 2007b). Cariporide (HOE-642) has been shown to be 
highly selective for NHE-1 isoform inhibition (Humphreys et al., 1999). However, a 
group of new NHE-1 inhibitors, KR-33028 and KR-32570, were shown to exhibit 
even higher potency for inhibiting NHE activity in rat cardiomyocytes, together with a 
with higher cardioprotective effects as compared to cariporide (Kim et al., 2007). A 
recent report has suggested that a functional unit of NHE-1 exists as a homo-dimer in 
the plasma membrane. Using surface expression-deficient G309V and transport-
deficient E262I NHE-1 mutants, Hisamitsu et al found that dimerization of two active 
subunits is required for the exchange activity of NHE-1 in the neutral pHi range 
(Hisamitsu et al., 2006).    
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1.4.3 Physiological functions of NHE-1 
 
1.4.3. A NHE-1 and myocardial diseases 
In the field of myocardial diseases research, NHE-1 is found to play an important role 
during cardiac ischemia. Activation of this exchanger is coupled with sodium influx 
which results in an increase of the intracellular calcium level by the Na+/Ca2+ 
exchanger. The elevated and accumulation of calcium are responsible for myocardial 
injury and cardiac arrhythmias (Karmazyn et al., 2001; Russ et al., 1996). NHE-1 is 
shown to influence the impulse conduction and excitation-contraction coupling in the 
heart (Petrecca et al., 1999). It was revealed that NHE-1 accumulates at the 
intercalated disks in close proximity to the predominant cardiac gap junction protein 
connexin 43. NHE-1 was suggested to play a role in "H+ gating" of the cardiac gap 
junction. Hence, NHE-1 is an important candidate for pharmacological intervention in 
attenuation of ischemia and reperfusion-induced myocardial injury (Karmazyn et al., 
2001; Williams et al., 2007).  
 
1.4.3. B NHE-1 in tumor cells 
Besides myocardial diseases, NHE-1 has been highlighted to participate in cell 
apoptosis and physiology of tumor growth and progression. An increased pHi induced 
by NHE-1 is associated with cell proliferation (Besson et al., 1998). In this finding, 
mitogenic factors such as insulin and phorbol esters were shown to induce 
transcription of NHE-1 promoter in NIH3T3 cells. In addition, the existence of a 
direct correlation between intracellular pH and cell-cycle status of normal 
hematopoietic and leukemic cells has been demonstrated (Rich et al., 2000).  For 
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example, blocking of NHE-1 results in intracellular acidification and stimulates 
leukemic cells to die (Rich et al., 2000). As such, NHE-1 inhibitors appear as 
promising antileukemic agents. The pro-survival protein BclXL is accounted for the 
resistance of tumor cells to DNA damage. However, an increase in the cell pH 
mediated by NHE-1 can lead to the deamidation of BclXL protein and drive apoptosis 
in the absence of initial DNA damage (Zhao et al., 2007).  
In a study with human B lymphoma cell line Daudi, it is observed that 
dephosphorylation of NHE-1 is an early and critical step to induce cytosolic 
acidification during anti-IgM-induced cell death (Marches et al., 2001). These results 
show the importance of pH homeostasis and cell viability regulated by NHE-1. 
However, how NHE-1 regulates intracellular pH in cell cycle progression remained 
undetermined until Putney and Barber reported that a transient increase in intracellular 
pH induced by NHE-1 promotes the timing of G2/M transition (Putney and Barber, 
2003). Hence, alkalinization at the completion of S phase may serve as an important 
checkpoint for the cell progression to G2 and mitosis. In addition, it has been shown 
that an alkaline pH is a key feature in oncogenic transformation and it is necessary for 
the development and maintenance of transformed phenotypes (Reshkin et al., 2000b). 
Moreover, a recent finding shows that the oncogenic protein nucleophosmin-
anaplastic lymphoma kinase (NPM-ALK) induce an alkaline intracellular condition 
through the modulation of NHE-1 activity that subsequently lead to cell growth and 
proliferation (Turturro et al., 2007).  
Apart from regulating the acid-base status of the intracellular milieu, NHE-1 has been 
recognized to play an essential role in cancer cells’ invasion and the development of 
malignancy. In tumor cells, an alkaline intracellular and acidic extracellular 
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microenvironment is observed. This reversed pH gradient across the cell membrane 
will increase as tumor progresses (Cardone et al., 2005b).  In addition, metastatic 
breast cells MDA-MB-231 have also been shown to develop an acidic 
microenvironment compared to normal mammary cells (Montcourrier et al., 1997). 
This acidic extracellular milieu is believed to be a key step for cancer cell invasion. 
For instant, hyaluronan receptor CD44 has shown to interact with NHE-1 and 
hyaluronidase-2 in lipid rafts. This leads to an extracellular acidification, as well as 
hyaluronidase-2 and cysteine proteinase activation, resulting in matrix degradation 
and breast cancer cell invasion (Bourguignon et al., 2004).   
It is interesting to note that in tumor cells, absence of growth factors can activate 
NHE-1 to induce cell motility and migration. This is a different phenomenon 
observed where in normal cells, mitogenic factors actually promote NHE-1 activation. 
A study by Reshkin et al demonstrated that during serum deprivation, NHE-1 is up-
regulated and attribute to tumor cell invasion (Reshkin et al., 2000a). It was later 
shown that NHE-1 activation and subsequent invasion are coordinated by a sequential 
RhoA/p160ROCK/p38MAPK signaling pathway gated by direct protein kinase A 
(PKA) phosphorylation and inhibition of RhoA in the leading edge of pseudopodia 
(Cardone et al., 2005a; Paradiso et al., 2004). In a more recent report, it was revealed 
that the Na+/H+ exchanger regulatory factor NHERF1 PDZ2 domain play an 
important role to regulate the PKA-RhoA-p38-mediated NHE-1 activation. Over-
expression of NHERF1 protein in human breast biopsies correlates with metastatic 
progression, poor prognosis, and hypoxia-inducible factor-1α (HIFα) expression 
(Cardone et al., 2007).  
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Regulation of intracellular pH could be a possible mechanism for tumor-selective 
therapy. Intracellular pH is higher in solid tumors compared to normal cells (Cardone 
et al., 2005b; Reshkin et al., 2000b). NHE-1 shows a tremendous potential to involve 
in cell transformation, cancer cell tumorigenicity and tumor cell metastasis. The 
membrane anti-port NHE-1 is a potential target of anti-tumor drug cis-
diaminedichloroplatimum II (cisplatin). It was reported that apoptotic pathway 
triggered by cisplatin involves a very early NHE-1-dependent intracellular 
acidification leading to acid sphingomyelinase (aSMase) activation and increase in 
membrane fluidity in human colon cancer cell HT29 (Rebillard et al., 2007b). NHE-1 
inhibitors have already been produced and tested in Phase II and Phase III clinical 
trials for myocardial protection during ischemia and reperfusion (Karmazyn, 2001). 
Therefore, it is also possible to use NHE-1 inhibitors in modified cocktails for the 
treatment of cancers.  Some studies that support the role of NHE-1 in carcinogenesis 
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1.4.3. C Regulation of cells’ volume during hypertonic stress  
NHE-1 is known to regulate cell volume during hypertonic stress. During 
hyperosmotic shrinkage, NHE-1 is activated and this results in sodium entry and 
cytosolic alkalinization. The osmolarity-sensitive sites is demonstrated to exist 
between the NH2-terminus and residue 566 of NHE-1 protein (Bianchini et al., 1995).  
 
1.4.3. D NHE-1 as a cytoskeleton anchoring protein and signalplex  
The NHE-1 isoform has also been shown to interact with the components of the 
cytoskeleton by its direct binding to ezrin, radixin and moesin (ERM) proteins. This 
anchoring helps to regulate focal adhesion assembly, cortical cytoskeleton 
organization, and cell morphology (Denker et al., 2000). Moreover, NHE-1 is found 
to function as a scaffold for the recruitment of a signalplex that consists of ERM, 
phosphoinositide 3-kinase, and Akt during apoptotic or hypertonic stress  to promote 
survival (Wu et al., 2004).   
 
1.4.3. E NHE-1 and cell differentiation  
NHE-1 antiporter has been reported to play a role in cell differentiation (Rao et al., 
1993). Up-regulation of NHE-1 gene and protein expressions, together with its 
enhanced activity is found to be an important stimulus for cell differentiation 
(Carraro-Lacroix et al., 2006). Carraro et al reported that during serum withdrawal, 
the immortalized cell line, IRPTC was initiated to differentiate. However, in the 
presence of NHE-1 specific inhibitor HOE-694, a marked reduction of differentiation 
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was observed. In addition, this pathway was found to be dependent on the ERK 1/2 
cascades which regulate NHE-1 gene expression (Carraro-Lacroix et al., 2006).  
 
1.4.4 Regulation of activity and expression of NHE-1 
The NHE-1 isoform is greatly regulated. The activity of the exchanger can be 
regulated by different groups of cell surface receptors which include receptor tyrosine 
kinases, G protein-coupled receptors and integrin receptors (Bianchini et al., 1997; 
Koliakos et al., 2008). Activation of these surface receptors modulates the regulatory 
C-terminal tail region of NHE-1 via a variety of signaling networks such as 
phosphorylation, binding of regulatory proteins, control transport activity by altering 
the affinity of the transmembrane domain for intracellular protons (Putney et al., 
2002).  NHE-1 can also be regulated at transcriptional level. In recent years, there are 
increasing numbers of studies dealing with transcriptional regulation of NHE-1, 
highlighting its importance.  
 
1.4.4. A Regulation of NHE-1 activity 
Intracellular acidosis is a major trigger for NHE-1 activity. At physiological pH, the 
exchanger displays a very low basal activity (Karmazyn et al., 2001). But when the 
intracellular pH decreases, NHE-1 is activated sharply and reaches its maximal 
velocity in about one pH unit to ensure an efficient response to cellular acidification 
(Aronson et al., 1982).   
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The N-terminal transmembrane domain of NHE-1 is responsible for ion transport, and 
it has been hypothesized that the existence of a proton binding site is accounted for 
intracellular pH sensing in the regulatory C-terminal domain (Wakabayashi et al., 
2003). This proton binding site is also referred to “H+ modifier” or “pH 
sensor”(Aronson et al., 1982; Wakabayashi et al., 2003). In the presence of growth 
factors or during intracellular acidification, an allosteric modification occurs at this 
proton binding site, that is, a low-affinity form of NHE-1 is converted into a form 
possessing a higher affinity for intracellular protons which is accounted for the 
enhanced NHE-1 transport activity (Lacroix et al., 2004). Calcineurin B (CNB) 
homologous protein (CHP) has also been determined to act as a critical regulator for 
the pH-sensing activity in the exchangers (Pang et al., 2001). The CHP1 isoform is an 
essential cofactor for the physiological activity of the plasma membrane NHE-1 in all 
cells, and the CHP2 isoform predominates in malignant cells which allows a serum-
independent activation of NHE-1 (Ammar et al., 2006; Mishima et al., 2007).  
The C-terminal tail of NHE-1 contains a number of serine and threonine residues that 
can be phosphorylated by protein kinases during mitogenic stimulation (Borgese et al., 
1994). Phosphorylation augments the set-point of the exchanger allowing an increase 
in exchange activity even at higher pH. An increase in NHE-1 activity is associated 
with the phosphorylation by the mitogen-activated protein kinases (MAPKs) family 
(Carraro-Lacroix et al., 2006; Pedersen et al., 2007a) . For example, the p42/p44 
MAPK cascade has been shown to play a predominant role in the regulation of NHE-
1 by growth factors in Chinese hamster lung fibroblast cell line CCL39 (Bianchini et 
al., 1997). During acidosis, phosphorylation of amino acids Ser770 and Ser771 have 
been demonstrated to be responsible for extracellular signal-regulated kinase (ERK)-
mediated activation of NHE-1 (Malo et al., 2007). NHE-1 activity can also be 
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regulated by ERK effector p90 ribosomal S6 kinase (p90RSK) (Cuello et al., 2007). 
Recently, it has been shown that NHE-1 is a novel Protein kinase B/Akt substrate and 
that its PKB-mediated phosphorylation at Ser648 inhibits sarcolemmal NHE activity 
during intracellular acidosis, most likely by interfering with calcium-activated 
calmodulin (CaM) binding and reducing affinity for intracellular protons (Snabaitis et 
al., 2008). In addition, the activity of NHE-1 can be modulated by dephosphorylation 
via the actions of protein phosphatase 1, 2A and tyrosine phosphatase SHP-2 (Misik et 
al., 2005; Snabaitis et al., 2006; Xue et al., 2007).  
NHE-1 has also been shown to facilitate the regulation of MAPK activity. For 
example, inhibition of NHE-1 activity prevented p38MAPK phosphorylation and 
strongly attenuated apoptosis in intact rabbit hearts (Aker et al., 2004; Pedersen et al., 
2007a). Figure G illustrates a simplified representation of NHE-1 topology originally 
described by Wakabayashi et al (Wakabayashi et al., 2000). 
Interestingly, NHE-1 activity can be regulated by cell membrane characteristics. In 
human colon HT29 cells, pre-treatment with cariporide, a specific inhibitor of NHE-1, 
inhibited cisplatin-induced intracellular acidification, acid sphingomyelinase (aSMase) 
activation, ceramide membrane generation, membrane fluidification, and apoptosis 
(Rebillard et al., 2007a). Membrane-stabilizing agents such as cholesterol or 
monosialoganglioside-1 inhibited the increase in membrane fluidity following 
cisplatin treatment. In addition, NHE-1-expressing PS120 cells were more sensitive to 
cisplatin than NHE1-deficient PS120 cells. The activation of aSMase and the 
production of ceramide have been shown to trigger the redistribution of CD95 into the 
plasma membrane rafts, hence sensitizing tumor cells to CD95-mediated apoptosis 
(Lacour et al., 2004). 



















Figure G: Topology of NHE-1 and its regulatory elements 
NHE-1 is composed of 12 transmembrane segments (1-12) with the N- and C- 
terminus located in the cytosol. EL1-EL6 represents the extracellular loop of 1-6, and 
IL1-IL5 represents the intracellular loop of 1-5. Putative protein kinase suggested to 
phosphorylate NHE-1 include: ERK1/2, NIK, p90rsk, p160ROCK and p38.  
Schematic diagram adapted from (Malo and Fliegel, 2006).  
 
(CaM: calmodulin, CHP: calcineurin homologous protein, ERM: 
ezrin/radixin/moesin proteins, CAII: carbonic anhydrase isoform II, PIP2: 
phosphatidylinositol bisphosphate) 
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1.4.4. B Transcriptional regulation of NHE-1 expression 
Regulation of NHE-1 activity involves a short and rapid process. Numerous studies 
have been performed to understand how these short-term regulations of NHE-1 occur. 
However, it is also important to understand how long-term regulations of NHE-1 
happen at the gene level in order to combat prolonged stress stimulus. Emerging 
evidence has shown that NHE-1 gene expression is tightly regulated so that the level 
of mRNA and protein in the cell is always kept constant (Besson et al., 1998; Elsing 
et al., 1994; Fernandez-Rachubinski and Fliegel, 2001).  Indeed, a recent article 
reported that during tubular cell apoptosis in neonatal unilateral ureteric obstruction 
kidney cells, a decrease in NHE-1 gene and protein expression was observed 
(Manucha et al., 2007). Increase in NHE-1 gene transcription is associated with cell 
growth and proliferation. For example, mitogenic factors such as insulin and thrombin 
have been demonstrated to increase NHE-1 gene expression (Besson et al., 1998). 
The cloning of NHE-1 genes allows a better understanding of NHE-1 promoter 
regulation. The gene for human NHE-1 and a portion of its 5´-flanking regulatory 
region was cloned and characterized in 1991. This 5´-flanking regulatory region is 
also called the promoter/enhancer region of NHE-1 which is made up of 1377 bases 
as shown in figure H (Miller et al., 1991). Preliminary evidence by Kolyada et al 
shows that members of the CCAAT-enhancer-binding protein (C/EBP) family of 
transcription factors play a role in regulating the human NHE-1 gene in hepatocytes 
and vascular smooth muscle cells (Kolyada et al., 1995). In their earlier study using 
footprinting analysis of the 0.25kb NHE-1 promoter fragment with rat liver nuclear 
extracts, they identified four protected regions as follows: A, -31 to -9; B, -108 to -65; 
C, -124 to -111; and D, -239 to -215. Region D is found to be a regulatory region 
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where a number of transcription factors such as C/EBP can bind (Kolyada et al., 
1994). Results from a study with mammalian cardiomyocytes demonstrate that region 
B and C which contain the binding site for activator protein-2 (AP-2), is required for 
basal NHE-1 gene activity (Yang et al., 1996b). AP-2 has also been reported to play 
an important role in regulating mouse NHE-1 transcription (Dyck et al., 1995). In 
addition, Besson et al have demonstrated that the region between 0.9 and 1.1 kb from 
the start site of mouse NHE-1 promoter was involved in mediating the effect of 
mitogenic stimulation using promoter deletion analysis and gel mobility shift assays 
(Besson et al., 1998).  
Our group has identified NHE-1 as a redox-regulated gene.  Our data showed that 
intracellular superoxide anion (O2•-) induces NHE-1 gene expression which correlates 
with cell survival and resistance to cell death trigger. In contrast, exposure of cells to 
hydrogen peroxide (H2O2) suppressed NHE-1 gene activity and sensitized cells to 
death stimuli (Akram et al., 2006b). In addition, phenolic compounds such as 
resveratrol that possess anti-tumorigenic and pro-apoptotic properties, has been shown 
to downregulate NHE-1 gene and protein expression (Jhumka et al., 2009). These data 
demonstrate that transcriptional regulation of NHE-1 gene is an important pathway to 
regulate intracellular pH level that could subsequently determine cell survival.    
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Figure H: DNA sequence of the promoter/enhancer region of the human NHE 
The sequence of bases -1 to -1377 is given, along with bases 1-50 for purposes of 
orientation. Potential consensus sequences for DNA-binding proteins are underlined, 
with the possible function noted underneath. tata, TATA box; sp-Z, Sp-1;up-I, Ap-1; 
gre, glucocorticoid response element; cre, cyclic AMP response element; caat, 
CCAAT-binding transcription factor; caccc, CACCC-binding protein. Diagram and 
text taken from (Miller et al., 1991). 
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1.5 AIM OF STUDY 
 
Many research efforts have focused on the study of transcription activation by 
oxidative stress and less effort has been made to study oxidative repression of 
transcription machinery. Our laboratory has previously established that the regulation 
of tumor cell’s response to apoptosis could be linked to the ratio of intracellular 
superoxide (O2•-) to hydrogen peroxide (H2O2) (Clement et al., 1998; Pervaiz and 
Clement, 2007). In recent years, we have identified regulation of the membrane anti-
porter Na+/H+ exchanger 1 (NHE-1) gene expression as a possible mechanism 
involved in reactive oxygen species (ROS)-mediated regulation of tumor cells’ 
response to apoptosis. This study has demonstrated that exposure of cells to H2O2 can 
inhibit NHE-1 promoter activity, reduced its protein expression and increase cell 
sensitivity to apoptotic triggers such as staurosporine. In contrast, increasing the level 
of O2•- in the cells by both molecular and pharmacological approaches can activate 
NHE-1 promoter activity, increased its protein expression and cells’ resistance to 
death triggers (Akram et al., 2006a). In the present work, the signaling pathway 
involved in the inhibition of NHE-1 gene expression at concentrations of H2O2 that is 







P g | 62 
 
CHAPTER 2: MATERIALS AND METHODS 
2.1 MATERIALS 
2.1.1 Chemicals and reagents 
Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), 
Phosphate Buffered Saline (PBS), Trypsin and L-glutamine were from Hyclone, UT, 
USA. Gentamicin Sulphate was purchased from BioWhittaker, Walkersville, MD and 
Geneticin (G418) from GIBCO (MD, USA). Aprotinin, Pepstatin A, 
Phenylmethanesulfonyl Fluoride (PMSF), Leupeptin, Sodium Vanadate,  
Dimethylsulfoxide (DMSO), Deferoxamine mesylate salt (DFO), o-Phenanthroline 
monohydrate (PHEN), SB202190, Catalase, Sodium Formate (HCOONa), Diamide, 
Dithiothreitol (DTT), β-mercaptoethanol (βME), staurosporine (STS), HEPES 4-(-2-
hydroxyethyl)-1-piperazineethanesulfonic acid, Dimethylthiourea (DMTU), 3-
morpholinosydnonimine (SIN-1), Triton X-100, Propidium Iodide (PI), RNAase A, 
Crystal Violet and Bovine Serum Albumin (BSA) were supplied by Sigma-Aldrich, 
LO, USA. 5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrinato Iron (III), Chloride 
(FeTPPS) was purchased from Calbiochem (Calbiochem, San Diego, CA, USA). 
Peroxynitrite (ONOO-) was purchased from Upstate (Upstate, Temecula, CA, USA). 
N-monomethyl-L-Arginine (LNMMA) was from AG scientific (San Diego,CA, USA). 
Methanol, Hydrogen peroxide (H2O2) and Sodium Dodecyl Sulphate (SDS) were 
purchased from Merck, Darmstadt, Germany. Caspase tetra-peptide inhibitors: z-
DEVD-FMK, z-VEID-FMK, z-IETD-FMK, z-LEHD-FMK and z-VAD-FMK were 
bought from R&D system. Caspase fluorogenic substrates: Ac-DEVD-AFC, Ac-
VEID-AFC, Ac-LETD-AFC and Ac-LEHD-AFC were from Alexis Biochemicals 
(Lausen, Switzerland). Chaps cell extract buffer was supplied by Cell Signaling 
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Technology (Beverly, MA, USA) and Cell lysis buffer (1X) for caspase assay was 
from BD Pharmingen, USA.  
Acetoxymethyl ester, 2´,7´-bis-(2-carboxyethyl)-5-(and-6)-Carboxyfluorescein (AM-
BCECF), 5-(and-6)-chloromethyl-2´,7´-dichlorodihydrofluorescein diacetate acetyl 
ester (CM-H2DCFDA), 4-amino-5-methylamino-2′,7′-difluorofluorescein (DAF-FM), 
Slow Fade® Gold anti-fade reagent with DAPI were from Molecular Probes 
(Molecular Probes Inc., Eugene, OR, USA). Coomassie PlusTM Protein assay reagent, 
RestoreTM Western Blot stripping buffer, Supersignal west Pico chemiluminescent 
substrate are from Pierce (Pierce Biotechnology, Rockford, IL, USA).  
 
2.1.2 Antibodies 
Monoclonal antibody for NHE-1 was purchased from Chemicon International Inc 
(CA, USA). PARP, Caspase 3 and 6 antibodies were purchased from Cell Signaling 
Technology Inc, (Beverly, MA). Active anti-caspase 3 used in immunofluorescence 
studies were bought from Abcam Inc (Cambridge, MA, USA). Red-fluorescent Alexa 
Fluor dye fragment of goat anti-rabbit was from Molecular Probes (Molecular Probes 
Inc., Eugene, OR, USA). Primary antibodies against Cu/Zn Superoxide Dismutase 
(SOD) and catalase were from Upstate Biotechnology (Lake Placid, NY, USA) and 
Calbiochem Inc. (San Diego, CA, USA) respectively.  Rabbit polyclonal anti-AP-2α 
and anti-HO-1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). β-
actin monoclonal antibody was from Sigma (St. Louis, MO). Secondary antibodies 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody was obtained from 
DakoCytomation (Glostrup, Denmark) and peroxidase-conjugated goat anti-mouse 
antibody and peroxide-conjugated rabbit anti-sheep antibody were from Pierce 
P g | 64 
 
Biotechnology (Rockford, IL). For detection of signaling molecules for MAPK 
pathway, mouse monoclonal anti-phospho-ERK1/2 (Thr202/Tyr204), mouse 
monoclonal anti-ERK1/2, anti-phospho-JNK (Thr183/Tyr185), mouse monoclonal 
anti-JNK, anti-phospho-STAT3 (Ser727) antibodies were purchased from Cell 
Signaling Technology Inc. (Beverly, MA, USA) while anti-p38 (Thr180/Tyr182)  and 
mouse monoclonal anti-p38 was obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). 
 
2.1.3 Plasmids 
Luciferase reporter plasmid constructs: pXP-1.1MP, pXP-0.9MP, pXP-0.5MP, pXP-
0.2MP, pXP-0.18MP, pMP+AP2, pMP-AP2, pMP(MUT)AP2, and empty vector 
pXP1 were kindly provided by Dr. Larry Fliegel, Department of Biochemistry, 
University of Alberta, Canada (Yang et al., 1996a). AP-1 and NF-κB luciferase 
reporter plasmids were obtained from a commercial source (Clontech). 
pUCSS-CAT reporter plasmid constructs: -1374/+16, -850/+16, -654/+16, -252/+16, -
92/+16, and empty vector pUCSS-CAT were kindly provided by Dr. Alexey Kolyada, 
Department of Medicine, Tufts University School of Medicine, Boston, USA 
(Kolyada et al., 1994). 
Plasmid pCMV-HA-NHE1 encoding N-terminal hemagglutinin (HA) epitope tagged-
NHE1 was kindly provided by Dr. Jeffrey R. Schelling, MetroHealth Medical Centre, 
Cleveland, Ohio, USA.  
Human catalase cloned into the eukaryotic expression plasmid pCI-neo was a kind 
gift of Dr. David Lambeth, Emory University School of Medicine, Atlanta, GA, USA. 
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2.1.4 Cell lines and cell culture 
The rat muscle cell line, L6 was obtained from Dr. Larry Fliegel, Department of 
Biochemistry, University of Alberta, Canada. These cells are stably transfected with 
full length proximal 1.1kb of the mouse NHE-1 promoter, inserted 5´ to a luciferase 
reporter gene (herein designated L6 pXP1.1MP) (Yang et al., 1996a).  The mouse 
fibroblasts (NIH3T3), human lung fibroblasts (IMR-90) and L6 wild type fibroblasts 
were purchased from ATCC.  
L61.1 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% FBS, 2mM L-glutamine, 0.25mg/ml Geneticin (G418 sulfate) 
and 1mM Gentamicin Sulfate. NIH3T3, MCF-7 and L6 wild type cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 
FBS, 2mM L-glutamine and 1mM Gentamicin Sulfate, while IMR-90 cells were 
maintained in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% 
FBS, 2mM L-glutamine and 1mM Gentamicin Sulfate.  
The cells were grown at 37oC, with 5% CO2 in a humidified atmosphere. Cells were 
split 1:6 upon reaching 70-80% confluence. For experiment, cells were plated for a 
day in complete medium, followed by 24 hours of serum starving with complete 
medium containing 0.5% FBS before treatment with H2O2. For pre-treatments, cells 
were incubated with various scavengers or inhibitors 2 hours before adding H2O2 
unless otherwise stated. 
 
 




2.2.1 Treatment of cells with Hydrogen peroxide (H2O2) and Other Compounds 
A stock solution of 10mM H2O2 was first prepared by diluting 30% (v/v) (8.82M) 
H2O2 solution with 1X PBS. The stock H2O2 solution was then sterilised using a 
0.2µm pore size filter (Sartorius, Goettingen, Germany). The concentration of the 
stock H2O2 solution was confirmed spectrophotometrically by measuring its 
absorbance at 240nm using a SmartSpec 3000 spectrophotometer (BioRad, CA, USA). 
Various concentrations of H2O2 were then prepared by diluting the stock solution of 
10mM H2O2 with 1X PBS. The H2O2 solutions were then added to medium to attain 
the indicated final concentrations. In general for L61.1 cells, seeding density of 0.08 x 
106 cells/well was used for 12-wells plate, 0.25 x 106 cells/well for 6-wells plate, 0.45 
x 106 cells/60mm dish and 1.0 x 106 cells/100mm dish. 
 
2.2.2 Mammalian Cell Expression by Transient Transfection 
L6 cells were transiently transfected with plasmid DNA using the calcium phosphate 
precipitation method.  The reagents contain 2M CaCl2 solution, 2X HEPES-buffered 
saline and sterile H2O.  All transient transfections in this study were done using the 
CalPhos ™ Mammalian Transfection Kit (Clontech Laboratories, Inc., Palo Alto, CA, 
USA). Transfection was performed according to the manufacturer's instructions.  For 
promoter activity studies, 0.08 x 106 cells/ well (or 0.45 x 106 cells/60mm dish for 
western blot analysis) were plated in 12-well plates 24 hours prior to transfection.  
Before transfection, the cell culture medium was changed to fresh DMEM 
supplemented with 10% FBS, 2mM L-glutamine, 0.05mg/ml gentamicin sulfate and 
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without any selective antibiotic for at least an hour before transfection. The 
transfection mixture consists of 2.5µg of plasmid DNA, 0.5g of renilla plasmid (used 
as transfection controls for luciferase transcriptional reporter assays) and 6.2l of 2M 
CaCl2 solution with the remaining of the mixture topped up with sterile water to a 
total volume of 50µl per well. The contents of the transfection mixture were 
multiplied by three times if a 60mm dish was used. The prepared DNA-CaCl2 solution 
was then mixed dropwise into an equal volume of DNA precipitation buffer (2X 
HEPES-buffered saline) while the buffer was gently vortex. The resulted mixture was 
incubated for 20 minutes at room temperature in the cell culture hood before adding 
drop-wise into the cells. After 14 hours of incubation, the transfection medium was 
removed.  Cells were then washed twice with 1X PBS before they were recovered in 
normal culture medium for another 6 hours.  After recovery, cells were serum 
deprived in culture medium containing 0.5% FBS for 20 hours prior to start of 
treatment. Western blot analysis was also done at 48 hours post-transfection to 
ascertain the transfection efficiency. 
 
2.2.3 Luciferase Gene Reporter Assay 
NHE-1 promoter activity was assessed with a single-luciferase assay kit (Promega, 
Madison, WI) according to manufacturer’s instructions.  Medium was aspirated from 
the wells and cells were washed once with 1X PBS. The cells were lysed with 100µl 
of reporter lysis buffer per well (12-wells plate) at room temperature and the lysates 
collected were kept on ice and later stored at -80˚C. For the assay, 10µl of the cell 
lysate was added to 50µl of the luciferase substrate. Bioluminescence generated was 
measured using a Sirius luminometer (Berthold, Pforzheim, Germany). The blank 
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consisted of luciferase substrate alone. The intensity of bioluminescence generated 
will be directly proportional to the amount of luciferase proteins present in the cell 
lysate. The luminescence readings obtained were then normalized with the protein 
concentration of the cell extract using the Coomassie PlusTM Protein assay reagent. 
To measure the promoter activity of cells transiently transfected with luciferase 
plasmid constructs, Dual-Luciferase® reporter assay system (Promega, Madison, WI, 
USA) was used and the activity was assessed according to the manufacturer’s manual. 
Cells were co-transfected with 0.25g/well (for 12-wells plate) Renilla plasmid 
(Clonetech) to assess transfection efficiency in dual-Luciferase reporter assay. 
 
2.2.4 Chloramphenicol Acetyl Transferase (CAT) assay 
NHE-1 promoter activity of the transiently transfected cells with CAT reporter 
plasmid constructs was assessed using an enzyme immunoassay to determine the 
expression of the CAT. Cells were seeded in 12-well plates for 24 hours prior 
transfection. The cells were transiently transfected with various constructs containing 
the human NHE-1 promoter. The cells were treated with 50µM of H2O2 for 24 hours. 
Following that, promoter activity was analyzed by CAT ELISA assay (Roche) 
according to manufacturer’s protocol. The levels of CAT protein were quantified 
using a CAT antigen capture enzyme-linked immunosorbent assay (ELISA) (Roche 
Molecular Biochemicals). All CAT quantifications were normalized to the protein 
concentration of the cell extract, as determined using the Coomassie PlusTM Protein 
assay reagent (Pierce). 
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2.2.5 Caspase Activity Assay 
Activation of caspases was determined using fluorogenic substrates and measured by 
spectrofluorometer. The cells were harvested on ice at different time points after H2O2 
treatment and were lysed with 1X Cell Lysis Buffer (10mM Tris-HCl at pH 7.5, 
10mM NaH2PO4/NaHPO4, 130mM NaCl, 1% Triton X-100, 10mM sodium 
pyrophosphate) (BD Biosciences Pharmingen, San Diego, CA). To measure caspase 
activity, synthetic oligopeptides of the caspase cleavage site where the C-terminal 
aspartic acid has been modified with 7-amino-4-trifluoromethyl coumarin (AFC) were 
used as substrates. The cell lysate was added to equal volumes of 2X Reaction Buffer 
(10mM HEPES, pH 7.4, 2mM EDTA, 6mM DTT, 10mM KCl and 1.5mM MgCl2) 
supplemented with protease inhibitors (1mM phenylmethylsulfonyl fluoride  (PMSF), 
10µg/ml aprotinin, 10µg/ml pepstatin A, 20µg/ml leupeptin), and caspase substrate 
(caspase 2 substrate: Ac-VDVAD-AFC, caspase 6 substrate: Ac-VEID-AFC, caspase 
8 substrate: Ac-LETD-AFC, caspase 3 substrate: Ac-DEVD-AFC and caspase 9 
substrate: Ac-LEHD-AFC) into a 96-well plate. Samples were incubated at 37ºC for 
1.5 hour in the SpectrafluorPlus spectrofluorometer and an end-point AFC 
fluorescence measurement (excitation: 400 nm, emission: 505 nm) was taken after 1.5 
hour of incubation. Caspase activity was normalized with protein amount and 
expressed as relative fluorescence unit (RFU)/µg protein. Protein concentration was 
determined using the Coomassie PlusTM Protein assay reagent. 
 
2.2.6 Cell viability estimation by Crystal Violet Assay 
Cell growth was assessed by determining the number of intact cells over time using 
the crystal violet uptake assay. Medium was removed from the wells and the cells 
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were washed once with 1X PBS. Each well was then exposed to 0.5ml of crystal 
violet solution (0.75% (w/v) crystal violet, 50% (v/v) ethanol, 1.75% (v/v) 
formaldehyde, 0.25% (w/v) NaCl) for 10 minutes. Excess crystal violet solution was 
carefully washed away with water and the wells were left to air-dry.  One milliliter of 
1% SDS in PBS was added into each well to lyse the cells and release intracellular 
crystal violet into solution. The amount of dye released reflects the quantity of intact 
cells present in each well. 50µl of cell lysate from each well was transferred into 
separate wells of a transparent 96-well microtitre plate. The quantity of crystal violet 
present in the cell lysate was determined by measuring its absorbance at 595nm using 
the Spectrafluor Plus spectrophotometer (TECAN, GmbH, Grödig, Austria). 
 
2.2.7 DNA Fragmentation Assay 
Cell cycle analysis was assessed using propidium iodide staining. L61.1 cells were 
scraped on ice and collected into a 15ml centrifuge tube. Subsequently, cells were 
pelleted down by centrifugation at 2500 r.p.m. The cells were then washed twice with 
ice-cold 1% (v/v) FBS in PBS. Cells were transferred into a new microfuge tube 
before being fixed with 70% (v/v) ethanol and left to incubate for at least 30 minutes 
at 4oC. The fixed cells were then pelleted by centrifugation at 10, 000 r.p.m for 5 
minutes at 4oC. The cell pellet was washed twice with ice-cold 1% FBS/PBS before 
staining with 500µl of PI/RNaseA staining solution for 30 minutes in a 37oC 
incubator. The staining solution contains 10µg/ml PI and 250µg/ml RNaseA dissolved 
in PBS with 1% FBS. These stained cells were filtered through a 61µm pore size filter 
before analysis for DNA content using the Coulter Epics Elite ESP Flow Cytometer 
(FL, USA). Twenty thousand events were collected with the excitation set at 488nm 
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and emission at 610nm. Flow cytometry data was further analyzed using the WinMDI 
Version 2.9 software (Joseph Trotter, The Scripps Institute, La Jolla, CA). 
 
2.2.8 SDS-PAGE and Immunoblotting 
The medium was aspirated from a 60mm dish and the cells were washed once with 
1X PBS. The cells were scraped on ice and pelleted down at 12, 000 r.p.m.  
For the extraction of caspase proteins, 1/10 volume of Chaps Cell Extract Buffer (Cell 
signaling Technology) was added to 9/10 volume of Milli-Q water. DTT was added to 
a final concentration of 5 mM and PMSF to a final concentration of 1 mM. The cell 
was lysed with the Chaps buffer and freeze-thaw for 3 times at -80˚C before subjected 
to SDS-PAGE. For the extraction of all other proteins, the cell pellet was completely 
lysed with about 70µl of RIPA lysis buffer (50mM Tris at pH 7.5, 150mM NaCl, 1% 
(v/v) NP-40, 1% (v/v) deoxycholic acid, 0.1% (v/v) SDS and 1mM EDTA) containing 
1mM PMSF, 5µg/ml leupeptin, 5µg/ml pepstatin A, 1µg/ml aprotinin and 1mM of 
Na3VO4. 
For detection of NHE-1 proteins, 50µg of total protein per sample was incubated at 
37oC for 5 minutes before being subjected to SDS-PAGE with 8% (v/v) acrylamide 
resolving gel at 125V using the Bio-Rad Mini-PROTEAN 3 Cell (CA, USA). For 
detection of other proteins, the sample was incubated at 95oC for 5 minutes instead. 
The ERK 1/2 and p38 proteins were resolved with 12% (v/v) acrylamide gel. The 
NOS and NOX proteins were resolved with 6% (v/v), the HO-1 proteins at 10% (v/v) 
and the caspases proteins with 15% (v/v) acrylamide gel. 
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Kaleidoscope pre-stained standards (Bio-Rad, CA, USA) and biotinylated protein 
markers (Cell Signaling Technology, MA, USA) were used to estimate the molecular 
sizes of the protein bands obtained. The resolved proteins were then transferred onto a 
nitrocellulose membrane by the wet transfer method at 400mA for 1 hour using the 
Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell (CA, USA) in an ice-bath. 
The membrane was then blocked with 5% (w/v) fat-free milk in Tris-buffered saline 
/Tween 20 (TBST) (20 mM Tris-HCl, pH 7.6, 137mM NaCl, 0.1% Tween 20) for 1 
hour. After three washes with TBST to remove excess milk, the membrane was 
probed for NHE-1 with a 1:1000 dilution of mouse monoclonal anti-NHE-1 antibody 
in 5% (w/v) BSA in TBST at 4oC overnight.  
The membrane was also probed for β-actin using a 1:8000 dilution of mouse anti-β-
actin monoclonal antibody in 5% BSA in TBST at 4oC overnight. After few washes 
with TBST to remove the unbound primary antibody, the membrane was exposed to 
1:10, 000 dilution of HRP-conjugated anti-biotin antibody (for biotinylated protein 
markers) together with 1:30, 000 dilution (for NHE-1), or 1:100, 000 dilution (for β-
actin) of goat anti-mouse IgG-HRP conjugate in 5% (w/v) fat-free milk in TBST for 1 
hour at room temperature. The probed proteins were then detected with Kodak 
Biomax MR X-ray film by enhanced chemiluminscence using the Supersignal west 
Pico chemiluminescent substrate.  
For re-probing of the same membrane for different proteins, blots were stripped with 
Restore Western Blot Stripping Buffer and re-probed with another protein of interest. 
The bands obtained were scanned in with EPSON Perfection 1250 and analyzed by 
FujiFilm Multigauge V3.0. The band density for NHE-1 was then normalised against 
the band density of β-actin for data analysis.  
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2.2.9 RNA interference (RNAi) 
Small interfering RNA (siRNA) inhibition of endogenous NHE-1, HO-1, p38, 
caspases 3 and 6 expression in rat cells using pre-designed siRNAs of the respective 
sequences:  
Caspase 3- GGA GUA AUU UUU GGA ACG A (sense) (BIONEER, Cambridge, 
USA)  
Caspase 6- GGG CUA AAA AUA AUC CUC A (sense) (BIONEER, Cambridge, 
USA) 
NHE-1- GAU AGG UUU CCA UGU GAU C (sense) (QIAGEN-Xeragon, Valencia, 
CA, USA) 
siRNA inhibition of endogenous HO-1 and p38 expression in rat cells using a pool of 
few different target sequences of siRNAs as shown: 
p38 (MAPK14) - (GCA AGA AAC UAC AUU CAG U), (GCA CAC UGA UGA 
CGA AAU G), (GGA AGA GCC UGA CCU ACG A), (GUC AGA AGC UUA CCG 
AUG A) (Thermo Scientific Dharmacon, Lafayette, CO) 
HO-1 (HMOX1) - (GGG AAU UUA UGC CAU GUA A), (UCA AAC AGC UCU 
AUC GUG C), (GGA GAU AGA GCG AAA CAA G), (AGA CAC CGC UCC UGC 
GAU G) (Thermo Scientific Dharmacon, Lafayette, CO) 
A control siRNA (non-homologous to any known gene sequence) (QIAGEN-Xeragon, 
Valencia, CA, USA) was used as a negative control. 
In general, L6 cells at 0.08 x 106 cells/ well of a 12-wells plate were seeded. Cells 
were transfected with siRNA using the calcium phosphate method described in 2.2.8. 
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In L6 cells, a final concentration of 20nM of siRNA to NHE-1, caspase 3 and caspase 
6 was used to silence the gene expression at an optimum efficiency. Final 
concentration of 40nM siRNA is used for HO-1 and 10nM for p38. The level of 
silencing was determined by western blot analysis.  
 
2.2.10 Nuclear-Cytoplasmic Fractionation  
Nuclear-cytoplasmic fractionation was performed to separate the nuclear and 
cytosolic extracts. This is done with the help of NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (PIERCE, Thermo Fisher Scientific Inc, Rockford, USA). 1.0 x 
106 cells was seeded on 100mm dish and treated according to the experimental design. 
Four dishes were needed per treatment. Cells were harvested on ice, and the four 
dishes of each treatment of cells were pooled together in a 15ml centrifuge tube. The 
cells were pelleted by centrifuging at 2200 rpm, 4ºC for 5 minutes. The pellet was 
resuspended with 500µl of ice-cold PBS and pellet again by centrifugation at 500 × g 
for 3 minutes. The amount of the various buffers added and duration of lysis was 
performed according to manufacturer’s instructions. 
 
2.2.11 Intracellular pH (pHi) Measurement and NHE activity Assay 
Intracellular pH (pHi) was assessed by using the pH sensitive flurogenic probe 
BCECF-AM (Ozkan and Mutharasan, 2002). The measurement was done on either a 
6-wells plate or 12-wells plate. Medium was aspirated from the wells and the cells 
were washed once with 1X PBS, followed by once with HEPES buffer (135mM NaCl, 
5mM KCl, 1.8mM CaCl2, 1mM MgSO4, 5.5mM D-glucose, 10mM HEPES at pH 7.4). 
P g | 75 
 
The cells were then incubated with 5µM BCECF-AM in HCO3--free HEPES buffer 
for 20 minutes at 37oC in dark. After incubation, cells were washed twice with 
HEPES buffer to remove excess dye. The wells were then topped up with 1ml of 
HEPES buffer/well for a 6-wells plate experiment and fluorescence was measured.  
For the standards, cells were exposed  to high K+ buffers at final pH of 6.4, 6.8, 7.2, 
7.6 and 8 prepared by mixing pH 4 buffer (140mM KH2PO4 and 20mM NaCl) with 
pH 9 buffer (70mM K2HPO4 and 20mM NaCl) at different ratios. A final 
concentration of 10µM nigericin was added to each well and incubated for 4 minutes 
prior fluorescence determination. The fluorescence of intracellular BCECF was 
measured (excitation at 485 and 430nm; emission at 535nm) using the Spectrafluor 
Plus microplate reader for the basal pHi. pHi value was then derived by determining 
the ratio of dual excitation measurements (485nm:430nm) from a pHi standard curve.   
For NHE-1 activity, HEPES buffer was removed after the initial pH was measured. 
Cells were acid-loaded with 30mM NH4Cl (pH 7.4) dissolved in HEPES buffer at 
37oC for 8 minutes and fluorescence readings were taken at per minute interval. 
Thereafter, buffer was aspirated and immediately washed with Na+-free HEPES 
buffer for 30 seconds and removed before adding in fresh HEPES buffer for 
fluorescence measurement again. The cells were recovered in HEPES buffer for about 
20 minutes and fluorescence readings was also taken during this period. The rate of 
recovery (ΔpH/Δtime) of the exchanger can then be estimated by evaluating the 
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2.2.12 RNA Isolation and Measurement of mRNA levels by Real-time PCR 
L61.1 cells were seeded at a density of 0.45 x 106 cells per 60mm dish for mRNA 
measurement.  RNA isolation and NHE-1 mRNA determination are performed by 
real-time PCR. Total RNA was isolated from cells by TRIZOL reagent (Invitrogen) as 
described by manufacturer’s instructions with a DNAse treatment step incorporated 
into the protocol. For each 60mm dish, 500µl of TRIZOL was added in the fume hood 
and the lysate collected was stored at -80˚C.  
Each RT reaction contains 2.5µg of total RNA, 1X RT buffer, 5mM MgCl2, 425µM 
each of dNTPs, 2µM random hexamers, 0.35 U/µl RNase inhibitor, 1.1 U/µl 
MultiScribet reverse transcriptase and made up to 10µl with sterile water. RT reaction 
was carried out at 37˚C for 1 hour. Five microliters of the 10µl cDNA reaction 
volume was used in real-time quantitative PCR using ABI PRISM 7500 (Applied 
Biosystems). Normalization was to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) for human RNA and 18S RNA for mouse and rat RNA (Barber et al., 2005; 
Su et al., 2002). Fluorescence was measured with the Sequence Detection Systems 2.0 
software. PCR was performed in multiplex (both target and endogenous control co-
amplified in the same reaction) with distinct fluorescent dyes. The sequences for 
primers (300nM) and probe (200nM) for mouse NHE-1 used in this study are as 
follows: Mouse NHE-1, forward (5´-TGC CTC ATG AAG ATA GGT TTC CA-3´), 
reverse (5´-AGC AGC CCC ACT ACG ATC AG-3´), and probe (5´-FAM-CAC CAT 
CTC AAG CAT CGT CCC GGA-TAMRA-3´). Primers and probe for human 
GAPDH, rat NHE-1, human NHE-1, and 18S RNA were purchased as kits from 
Applied Biosystems (Assays on Demand). 
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2.2.13 Immunofluorescence Assay using Confocal Microscopy 
Approximately 0.06 x 106 L61.1 cells/well were seeded on each coverslip placed in 
12-well plate in order to attain 50% confluence at the time of treatment. At each time 
point, medium was aspirated and the coverslips were washed with 1X cold PBS 
gently. Cells were then fixed with 4% paraformaldehyde for 30 minutes at room 
temperature. Excess paraformaldehyde was washed (rock/shake) with 1X PBS twice. 
The cells were then washed with 1X cold PBS containing 100mM NH4Cl for 5 
minutes twice on a shaker to quench free aldehyde groups. After that, the cells were 
rinsed gently with 1X PBS before permeabilization with 0.2% TX-100 (Sigma, USA) 
for 10 minutes at room temperature. The cells were washed again to remove the TX-
100 prior to incubating with primary antibody against the p17 fragment of active 
caspase 3 at 1:100 dilutions, for about 2 hours at room temperature. Excess unbound 
primary antibody was then washed off with 1X PBS for three times. Cells were then 
incubated with secondary antibody (1: 200) conjugated to fluorophore for about one 
hour before washing and mounting on Slow Fade® Gold anti-fade reagent with DAPI. 
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2.2.14 Extracellular H2O2 measurement using Amplex Red Assay 
Amplex red fluorescence dye mixture was prepared according to the manufacturer’s 
instructions. L61.1 cells were seeded at 0.08 x 106 cells/well on a 12-wells plate. The 
cells were serum starved in medium containing 0.5% FBS overnight. To prevent the 
interference of the absorbance readings by the phenol-red indicator used in normal 
culture medium, cells were incubated with H2O2 in phenol red-free medium 
containing 0.5% FBS at the start of the assay. The control wells contained only 
medium and H2O2 but no cells, and were incubated over the same period of time. 
H2O2 was added at different time intervals and the cells were incubated at 37oC, with 
5% CO2 in a humidified atmosphere as norm. At the end-point, two hundred 
microlitres of the medium was collected from each well and dispensed into each well 
of a new 96-well plate containing 50µl of amplex red-horseradish peroxidise reaction 
mixture per well. Absorbance reading was measured at 562 nm using the Spectrafluor 
Plus spectrophotometer. 
 
2.2.15 Intracellular ROS Measurement by CM-DCFDA 
The compound 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, 
acetyl ester (CM-H2DCFDA) or in short, DCFDA is a widely used fluorophore to 
measure the presence of reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) such as H2O2, ONOO- and HO• in the cells (Myhre et al., 2003). L61.1 cells 
were seeded at 0.45 x 106 cells/ 60mm dish. The cells were serum starved in 0.5% 
FBS containing medium overnight before H2O2 treatment. The cells were harvested 
using trypsin at room temperature. The cell pellet was collected by centrifugation by 
pulse-spinning at 14, 000 r.p.m twice. The pellet was incubated with CM-DCFDA dye 
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at final concentration of 5µM at 37oC in dark for 15 minutes. After that, the pellet was 
washed with 1X PBS twice to remove excess dye. Prior to flow cytometry analysis, 
the cells were resuspended in 500μl of 1X PBS and were filtered through a filter (pore 
size ~ 41 μm) before injecting into the Coulter Epics Elite ESP Flow Cytometer. No 
dye treatment and 300µM of H2O2 were used as negative and positive controls 
respectively. Ten thousands events were collected with the excitation wavelength of 
495nm and emission wavelength of 525 nm. 
 
2.2.16 Intracellular Nitric Oxide (NO) Measurement by DAF-FM 
 
DAF-FM (4-amino-5-methylamino-2',7'-difluorofluorescein) diacetate was used to 
assess the intracellular NO production in L61.1 cells (Nakatsubo et al., 1998). Similar 
to ROS measurement, L61.1 cells were seeded at 0.45 x 106 cells/60mm dish. Cells 
were harvested by trypsinizing at room temperature. The cell pellet was collected by 
centrifugation by pulse-spinning at 14, 000 r.p.m twice. The pellet was incubated with 
DAF-FM dye at final concentration of 5µM at 37oC in dark for 30 minutes. After that, 
the pellet was washed with 1X PBS twice to remove excess dye. Prior to flow 
cytometry analysis, cells were resuspended in 500μl of 1X PBS and were filtered 
through a filter (pore size ~ 41 μm) before injecting into the Coulter Epics Elite ESP 
Flow Cytometer. No dye treatment and 5µM 15d-PGJ2 were used as negative and 
positive controls respectively. Ten thousands events were collected with the excitation 
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2.2.17 Morphology Studies 
The morphology of the cells was analysed by taking photo using the Olympus 
camedia digital camera (C-4040ZOOM, 4.1 megapixels) attached to the light 
microscope (Olympus CK2) at the magnification of x 200.   
 
2.2.18 Protein Determination 
Protein determinations of cell lysates were carried out using the Coomassie Dye 
(PIERCE, IL, USA) in a 96-well format. 3µl of cell lysate was added to 300µl of 
Coomassie Dye and its absorbance at 595nm was read using a Spectrafluor Plus 
spectrophotometer. Protein standards were prepared using BSA (PIERCE, IL, USA). 
 
2.2.19 Statistical Analysis 
Values presented are means  Standard Deviation where n ≥ 3.  Student’s t-test was 
performed when appropriate, using the Microsoft Excel software, with probability 
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CHAPTER 3: RESULTS 
 
3.1 MILD OXIDATIVE STRESS INDUCED BY H2O2 INHIBITS GENE 
EXPRESSION OF NHE-1 INVOLVED AN EARLY OXIDATION PHASE  
 
3.1.1 To determine a non-toxic dose of H2O2 in L6 rat muscle cell 
Exogenous addition of H2O2 has been shown to have both pathological and 
physiological roles. Depending on the concentrations used, H2O2 can act as a second 
messenger for cell regulation through oxidation of H2O2-sensitive cysteine residues of 
protein kinases and transcription factors (Forman, 2007a; Rhee et al., 2003), causing 
cell apoptosis (Kim et al., 2008), necroptosis (Galluzzi and Kroemer, 2008) and even 
necrosis (Barros et al., 2003) if a high dose is used.  
Before investigating our pathway of interest, we first determined a suitable dose of 
H2O2 to be used. The cell line used in this study is L6 rat muscle cells. L6 cells were 
seeded in 10% FBS/DME overnight, and grown in 0.5% FBS-containing medium 24 
hours before treating with increasing concentrations of H2O2. Cells grown in medium 
containing serum (10% FBS) indicates healthy L6 cellular morphology. On the 
contrary, cells treated with apoptotic drug staurosporine (STS) shows the morphology 
of dying L6 cells (Figure 1A). 
Exposure of L6 cells to 150µM H2O2 showed shrinking cellular size and the 
appearance of membrane blebs which are two typical markers of dying cells. In 
contrast, concentrations of H2O2 up to 50µM did not affect cell morphology even in 
0.5% FBS medium (Figure 1B). This result was confirmed by the staining of L6 
nuclei with DAPI (Figure 1C and 1D). The nuclei of L6 cells remained intact 
(similar to the untreated nuclei in both 10% FBS and 0.5% FBS-containing medium) 
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when treated with 50µM H2O2 but exposure to 150µM H2O2 or 1µM STS, shrunken 
or fragmented nuclei were observed.  
Twenty-five and and 50 micromolars of H2O2 did not affect the survival of L6 cells 
when assayed by crystal violet (Figure 1E). Similar results were achieved when 
L61.1 cells were stained with propidium iodide (PI) and analyzed by FACS to 
determine the sub-G1 population which is proportional to the percent of apoptotic 
cells in a population. There was no apparent increase in the percentage of sub-G1 
population detected above the control untreated cells when incubated with 25µM and 
50µM H2O2 (Figure 1F).   
Taken together, these results indicate that 25µM and 50µM H2O2 is non-toxic for L6 
cells in medium containing 0.5% FBS. Hence, in subsequent studies for this project, 
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Figure 1: Establish non-toxic concentrations of H2O2 in L61.1 cells 
(A) Morphology of healthy L61.1 cells growing in medium containing 10% FBS and 
dying L6 cells when treated with 1µM STS for 4 hours. (B) L61.1 cells were treated 
with 25µM, 50µM or 150µM H2O2 in 0.5% FBS for 24 or 48 hours. Photographs 
were taken using a digital camera attached to a light microscope (Magnification at 
200X). (C) L6 nuclei were stained with DAPI and observed under confocal 
microscope. The figure on the left shows the morphology of healthy L61.1 cells 
growing in 10% FBS/DME. The middle and right figures show the nuclei of dying L6 
cells treated with 1µM STS for 4 hours. (D) Nuclei staining of L6 cells with DAPI 
treated with 25µM, 50µM or 150µM H2O2 in 0.5% FBS for 24 hours. (E) L61.1cells 
were treated with 25 M, 50 M or 150M H2O2 in 0.5% FBS for 24 or 48 hours or 
as a control cells were left in medium containing 10% FBS or exposed to 1M STS. 
Cells were stained with crystal violet to assess cell survival.  (F) L61.1 cells were 
treated with 25µM, 50µM or 150µM H2O2, and 1µM STS in 0.5% FBS for 24 or 48 
hours. Single cell suspensions of L61.1 cells were prepared, stained with PI and 
analyzed by FACS to quantify the percent of cells with DNA content corresponding 
to the hypo-diploid sub-G1 phase of the cell cycle as described in Materials and 
Methods. Apoptotic cells were calculated by the percentage of cells in sub-G1 to the 
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3.1.2 H2O2 down-regulates NHE-1 gene expression 
3.1.2. A L61.1 muscle cells 
In order to study the mechanism involved in the repression of NHE-1 expression by 
mild oxidative stress, we used L6 cells stably transfected with the full length 1.1kb 
proximal fragment of the mouse NHE-1 gene promoter  inserted 5´ to the luciferase 
reporter gene (L61.1 cells) (Figure 2) (Yang et al., 1996a). Activation of the promoter 
was assessed through the expression of luciferase as described in the materials and 
methods. Experiments in our laboratory have shown that the integration of mouse 
NHE-1 gene promoter to L6 cells did not affect the endogenous level of NHE-1 












Figure 2: Illustration of a L61.1 cell stably expressing full length 1.1kb proximal 
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3.1.2. B H2O2  inhibits NHE-1 promoter activity 
As shown in Figure 3, exposure of L61.1 cells to non-toxic doses of H2O2 induced a 
decrease in NHE-1 promoter activity in medium containing 0.5% FBS (Figure 3A). 
To demonstrate that H2O2 can also repress NHE-1 promoter activity in 10% serum 
condition, we serum-deprived one set of cells in 0.5% FBS-containing medium while 
replacing the other set with fresh 10% FBS-containing medium. The cells were then 
treated with various doses of H2O2 and harvested at 24 hour for luciferase assay. Our 
results show that exposure of L61.1 cells to increasing dose of H2O2 induced a 
decrease in NHE-1 promoter activity in medium containing either 0.5% FBS or 10% 
FBS (Figure 3B). However in 10% FBS, a higher concentration of peroxide was 
required to decrease the promoter activity similar to the level seen in 0.5% FBS due to 
a higher NHE-1 promoter activity and protein expression when cells were grown in 
10% FBS (Bianchini et al., 1997). Therefore, performing experiments in 0.5% serum 
also prevents any possible metabolites from generating when using a higher 
concentration of H2O2. Cell viability was always monitored when we conducted our 
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Figure 3: Down-regulation of NHE-1 promoter activity by H2O2 is dose-
dependent  
(A) L61.1 cells were incubated for 24 hours with 25µM or 50µM of H2O2 in medium 
containing 0.5% FBS before NHE-1 promoter activity was assessed by luciferase 
assay as described in Materials and Methods section 2.2.3. Data were calculated as 
relative light units (RLU) per microgram total protein and expressed as percentage of 
the promoter activity measured in cells maintained in medium without H2O2 (% of 
control). (B) L61.1 cells were incubated for 24 hours in medium containing 0.5% FBS 
or 10% FBS with increasing dose of H2O2 from 25µM to 100µM. Results are 
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3.1.2. C NHE-1 promoter repression by H2O2 is not due to the degradation of 
the luciferase proteins 
 
Findings show that  oxidative stress induces the activation of stress-response genes by 
factors such as activator 1 (AP-1) or nuclear factor κB (NF-κB) (Droge, 2002). For 
example, ROS activate transcription factors NF-κB and AP-1 to initiate gene 
expressions that are involved in inflammation (Hadjigogos, 2003). In addition, 
transcription factor AP-1 has also been shown to be induced by H2O2 in 
cardiomyocytes (Coronella-Wood et al., 2004).  
To demonstrate that the inhibitory effect of NHE-1 promoter activity by H2O2 is 
indeed due to oxidative repression of the transcription machinery and not an 
accidental cellular event or degradation of the reporter luciferase proteins, wild type 
L6 cells were transiently transfected with either a 1.1kb NHE-1, an NF-κB, or an AP-
1 reporter gene construct before incubating the cells with 25µM or 50µM H2O2 for 24 
hours. As expected, H2O2 inhibits the promoter activity of NHE-1 in a dose-dependent 
manner, whereas the promoter activities of NF-κB and AP-1 were not affected by the 
treatment with H2O2 (Figure 4). These results show that the effect of H2O2 on NHE-1 
promoter activity is a selective effect and not an outcome of non-specific shut down 











































Figure 4: NHE-1 promoter repression by H2O2 is truly a regulatory process and 
is not due to the degradation of the luciferase proteins 
L6 wild type cells were transiently transfected with a NHE-1, an NF-κB or an AP-1 
reporter gene construct and a plasmid encoding for the Renilla protein before being 
exposed to 25µM or 50µM of H2O2. Data were calculated as luciferase 
RLU/renilla/µg total protein and expressed as percentage of the promoter activity 
measured in cells maintained in medium without H2O2. Results are represented as 
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3.1.2. D H2O2 decreases NHE-1 mRNA and protein expression 
To further verify that the reduction of NHE-1 promoter activity is a result of 
transcriptional repression by H2O2, we next examined the mRNA level and protein 
expression of NHE-1 in three different cell lines. L61.1 rat fibroblasts, NIH3T3 
mouse fibroblasts and IMR90 human lung fibroblasts were treated with 25µM or 
50µM H2O2 for 24 hours after serum starvation in 0.5% FBS-containing medium 
overnight. In agreement with results obtained for the promoter activity, real-time PCR 
analysis of NHE-1 mRNA level and western blot analysis of NHE-1 protein 
expression decreased in a dose-dependent manner (Figure 5A and 5B). Our data 
showed a decrease in mRNA and protein expression in all cell lines. This confirms 
that inhibition of NHE-1 promoter activity led to inhibition of NHE-1 transcription 























































Figure 5: Down-regulation of NHE-1 mRNA and protein expression by H2O2 is 
dose-dependent  
(A) NIH3T3 mouse cells, IMR90 human cells and L61.1 cells were exposed to 25µM 
or 50µM of H2O2 before total RNA was extracted and cDNA generated as described 
in materials and methods section 2.2.12. NHE-1 mRNA expression was quantified by 
Taqman real-time PCR, normalized to endogenous control (human GAPDH for 
human cell lines) and (18S RNA for mouse and rat cell lines). Relative NHE-1 
mRNA expression is expressed as percent of untreated control. Results are 
represented as mean of two experiments done in duplicate +/- SD. (B) Cell lines from 
human (IMR90), mouse (NIH3T3) or rat (L61.1) origin were exposed to different 
concentration of H2O2 for 24 hours and western blot analysis was performed as 
described in Materials and Methods section 2.2.8. NHE-1 protein (97kD) was 
detected using a mouse monoclonal antibody. Anti-β-actin (42kDa) was used as 
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3.1.3 H2O2 initiates the signal for NHE-1 promoter repression 
3.1.3. A Uptake of exogenously added H2O2 by L61.1 cells decreases NHE-1 
gene expression 
H2O2 is a small molecule, freely miscible in water which is able to cross cell 
membrane easily (Halliwell and Gutteridge, 1999). According to the conventional 
dogma, exogenous H2O2 added to the culture medium is rapidly taken in by respiring 
cells and hence dissipates from the extracellular medium in a short time. To find out 
the rate of consumption of the exogenously added H2O2 by L61.1 cells, amplex red 
assay was performed. The Amplex Red reagent is a highly sensitive and stable probe 
for measuring extracellular H2O2. In the presence of horseradish peroxidase, the 
Amplex Red reagent reacts in a 1:1 stoichiometry with H2O2 to produce a red-
oxidation product, resorufin which was measured spectrophotometrically. L61.1 cells 
were seeded in 10% FBS/DME, serum starved in 0.5% FBS overnight. To prevent the 
interference in the absorbance readings by the phenol-red indicator used in normal 
culture medium, cells were incubated with H2O2 in phenol-free medium containing 
0.5% FBS at the start of the assay. The control wells contained only medium and 
H2O2 but no cells, and were incubated over the same period of time. Results show that 
H2O2 was consumed within 3 hours in the medium containing L61.1 cells whereas 
there was no substantial decrease in the concentration of H2O2 in the control medium 
without cells (Figure 6A). 
These results suggested that continuous presence of H2O2 may not be necessary for 
maximal inhibition of NHE-1 promoter activity. To test this hypothesis, L61.1 cells 
were treated with 25µM and 50µM H2O2 for a period of time up to 24 hours, removed 
and incubated with fresh medium containing only 0.5% FBS. NHE-1 promoter 
activity was assessed at the different time points selected. Our results show that three 
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hours of exposure to H2O2 was sufficient to achieve the same level of repression of 
the NHE-1 promoter activity as obtained when cells were exposed to H2O2 for 24 
hours continuously (Figure 6B). Therefore, in all subsequent experiments, cells were 
incubated with H2O2 for 3 hours before fresh culture medium was added for the 











































Figure 6: Consumption of extracellular H2O2 by L61.1 cells results in the 
inhibitory effect of H2O2 seen on NHE-1 promoter activity  
(A) L61.1 cells were incubated with 25µM or 50µM of H2O2 at various time points in 
phenol-free DME/0.5% FBS. Medium was collected and measured for the presence of 
H2O2 by Amplex red assay as described in Materials and Methods section 2.2.14. (B) 
L61.1 cells were treated with 25µM or 50µM of H2O2 for various time points, H2O2 
was removed and cells were incubated in fresh DME/0.5%FBS for 24 hours. 
Promoter activity was determined by luciferase assay. Results are represented as mean 
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3.1.3. B Uptake of extracellular H2O2 and not other components in the 
medium is responsible for the down-regulation of NHE-1 promoter 
activity 
In order to ensure that the effect of NHE-1 promoter down-regulation in the cell can 
indeed be attributed to the uptake of exogenous H2O2, H2O2 scavenger catalase was 
added to the culture medium 2 hours prior H2O2 treatment and NHE-1 promoter 
activity was measured at 24 hour. Presence of enzyme catalase prevented the decrease 
in NHE-1 promoter activity. This result supports that the uptake of H2O2 and not other 
components in the culture medium was responsible for the decrease in NHE-1 
expression observed upon cells’ exposure to H2O2  (Figure 7A). Furthermore, 
transfection of L61.1 cells with a plasmid encoding the catalase gene as well as 
intracellular H2O2 scavenger DMTU also totally abolished the decrease of NHE-1 
promoter activity induced by exogenous bolus of H2O2 (Figure 7B and 7C). In 
addition, DMTU prevented the increase of DCF fluorescence induced by H2O2 
indicating that DMTU did scavenge H2O2 present in the cell (Figure 7D). Taken 
together, extracellular addition of non-toxic concentrations of H2O2 results in the 
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Figure 7: NHE-1 promoter down-regulation was due to H2O2 and not due to 
other products present in the extracellular medium 
(A) L61.1 cells were pre-incubated with catalase (1000U/ml) 2 hours prior to bolus 
addition of 50M H2O2. Promoter activity was determined by luciferase assay at 24 
hour. (B) L61.1 cells were transiently transfected with 10g of pCI-Neo vector 
plasmid encoding the human catalase (catalase) or the empty vector control (pCI-Neo). 
Cells were serum-starved in DME/0.5% FBS for 8 hours prior to treating with H2O2. 
Over-expression of intracellular catalase was determined by western blot analysis 
shown on the right. (C) L61.1 cells were pre-treated with 10mM intracellular H2O2 
scavenger DMTU for 2 hours before exposure to 50M of H2O2. Cells were harvested 
at 24 hour for luciferase assay. (D) Cells were pre-treated with and without DMTU 
and DCFDA for 2 hours and were assessed as described in Materials and Methods 
section 2.2.15.  Results are represented as mean of at least two experiments done in 
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3.1.3. C Repression of NHE-1 promoter activity up to 72 hours by an initial 
H2O2  stimulus without the loss of cell viability 
Our data in figure 6 shows that extracellular H2O2 diffused into the L6 cells within 3 
hours of H2O2 incubation and the maximal effect of H2O2 on NHE-1 promoter activity 
was seen at 3 hour with no further reduction even if H2O2 was left for 24 hours. These 
results led us to investigate how long the promoter activity can stay repressed and 
whether the cells are transiently or permanently arrested by this H2O2 signal since 
H2O2 is known to arrest cell growth (Chien et al., 2000; Wiese et al., 1995).   
Interestingly, an initial trigger of the cells with exogenous H2O2 results in a repression 
of NHE-1 promoter activity for as long as 72 hours without further decrease in NHE-1 
promoter activity or loss of cell viability even in  medium containing only 0.5% FBS. 
There is a 70% decrease in NHE-1 promoter activity for cells treated with 50µM H2O2 
at 24 hours and this repression was sustained for 72 hours. However, when the initial 
H2O2 treated cells were released into medium containing 10% serum, the decrease in 
NHE-1 promoter activity was attenuated, showing a recovery of the promoter activity. 
There is now only less than 10% decrease in NHE-1 promoter activity for cells treated 
with 50µM H2O2 at 72 hours (Figure 8A). The recovery of NHE-1 promoter activity 
correlated with the ability of cells to re-proliferate. L61.1 cells grow again when they 
were released in medium containing 10% FBS even after an initial H2O2 trigger in 
0.5% serum (Figure 8B). NHE-1 protein expression also stayed repressed at 48 hours 
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Figure 8: Recovery of NHE-1 promoter activity and cell proliferation ability 
when serum was re-introduced in L6 cells 
(A) Following 24 hours of serum deprivation in DME/0.5% FBS, L61.1 cells were 
exposed to 25µM or 50µM of H2O2 for 3 hours before releasing in medium containing 
0.5% FBS or 10% FBS without H2O2 for 24 hours, 48 hours and 72 hours. Control 
cells not exposed to H2O2 were similarly released in medium containing 10% FBS. 
Promoter activity of NHE-1 was assessed by luciferase assay. Results are represented 
as mean of two experiments done in duplicate +/- SD. (B) L61.1 cells were exposed to 
50µM H2O2 as described in (A) and cell density was assessed by crystal violet 
staining as described in Materials and Methods section 2.2.6 and expressed as OD at 
595nm. Results are from one representative experiment out of two experiments done 
in triplicate +/- SD. (C) L61.1 cells were exposed to 50µM H2O2 and the cells were 
harvested for western blot analysis at 48 hour post-H2O2 treatment. NHE-1 protein 
(97kD) was detected using a mouse monoclonal antibody. Anti-β-actin (42kDa) was 
used as a loading control. Results shown are of one representative experiment done at 
least three times. Densitometry analysis of the representing blot is shown in the bar-
chart. 
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3.1.4 Oxidation is involved in the early phase of NHE-1 promoter inhibition 
mediated by H2O2 
3.1.4. A H2O2-mediated repression of NHE-1 gene expression is rescued by 
reducing agents 
H2O2 is a weak oxidizing agent and is generally weakly reactive. When H2O2 is 
incubated with DNA, lipids and most proteins, oxidation does not occur. Instead, 
H2O2 primarily targets at cysteine residues. It oxidizes the essential thiol (−SH) group 
of cysteine which can be reduced by cellular antioxidants such as glutathione (GSH) 
and thioredoxin (Chan et al., 2001; Halliwell and Gutteridge, 1999). 
To investigate whether oxidation was part of the signaling mechanism involved in the 
inhibition of NHE-1 promoter activity by H2O2, L61.1 cells were pre-incubated with 
reducing agents 2 hours prior to H2O2 treatment. Various concentrations of beta 
mercaptoethanol (βME) were tested. It is important to note that the concentrations of 
βME used are non-lethal to the cultured cells. Results show that 500µM βME resulted 
in the greatest inhibition (almost 100%) of H2O2 mediated NHE-1 promoter repression 
in L61.1 cells (Figure 9). Hence, 500µM βME was selected as the dose to be used in 
the following experiments with L6 cells. Earlier studies in our laboratory showed that 
500µM of dithiothreitol (DTT) is the optimum concentration to use in L6 cells and 
most fibroblasts. Pre-treatment of L61.1 cells with 500µM βME or 500µM 
dithiothreitol (DTT) blocked the inhibitory effect of H2O2 on NHE-1 promoter activity 
and NHE-1 protein expression. There was a 100% rescue in the NHE-1 promoter 
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Figure 9: βME dose response effect on H2O2-mediated NHE-1 promoter activity 
repression  
(A) L61.1 cells were pre-incubated with different concentrations of βME for 2 hours. 
After 2 hours, medium was replaced with fresh DME/0.5% FBS containing the same 
varying concentrations of βME. H2O2 was then added at 50µM in a single bolus and 
cells were further incubated for 3 hours. Medium then replaced with fresh DME/0.5% 
FBS with and without βME for another 24 hours. Promoter activity was determined 
by luciferase measurement. Results are represented as mean of two experiments done 
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Figure 10: Reducing agents, DTT and ME inhibited H2O2-mediated repression 
of NHE-1 gene expression  
(A) Cells were pre-incubated with 500µM DTT or 500µM βME in DME/0.5% FBS 
for 2 hours before being exposed to 50µM H2O2 for a further 3 hours. The medium 
was then replaced with fresh βME or DTT in DME/0.5% FBS for another 24 hours 
before NHE-1 promoter activity was assessed. Results are represented as mean of two 
experiments done in duplicate +/- SD. (B) L61.1 cells were treated with 50µM H2O2 
with or without 2 hours of pre-incubation with βME prior to H2O2 treatment. Cells 
were harvested 24 hours post-H2O2 exposure. Fifty micrograms of total cell lysates 
were subjected to western blot analysis for NHE-1 protein expression. Results shown 
are of one representative experiment done twice. Densitometry analysis of the 
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Glutathione (GSH) protects the cell from oxidative damage induced by high levels of 
ROS (Lu, 2009). The main antioxidant activity is to detoxify peroxides, partly with 
the help of various GSH peroxidases (Porreca et al., 1994; Sarma and Mugesh, 2008). 
GSH functions as a major thiol antioxidant is demonstrated by the fact that various 
conditions of oxidative stress are exacerbated by GSH depletion (DeLeve and Wang, 
2000; Kode et al., 2008). 
To verify that natural occurring cellular reducing agent can also inhibit NHE-1 
promoter repression by H2O2, L61.1 cells were pre-incubated with 1mM, 5mM or 
10mM of N-acetylcysteine (NAC) to increase the cell content of GSH. Two hours 
later, L6 cells were treated with 50µM H2O2 and NHE-1 promoter activity was 
measured at 24 hour. Pre-treatment with NAC resulted in a nearly complete protection 
of NHE-1 promoter repression induced by H2O2 in L61.1 cells (Figure 11A). In 
addition, when cells were pre-treated with 1 mM of GSH, similar protection was 
observed (Figure 11B). Hence, this suggests that βME and DTT can mimic the 
reducing property of cellular antioxidant in this H2O2-mediated NHE-1 gene 
repression signaling pathway. For the ease of the experimental setup, βME was used 





























Figure 11: Cellular reducing agents NAC and GSH rescued the inhibitory effect 
of H2O2 on NHE-1 promoter activity 
(A) Cells were pre-incubated with 1mM, 5mM or 10mM of NAC in DME/0.5% FBS 
for 2 hours prior to being exposed to 50µM H2O2. Cells were harvested for luciferase 
assay at 24 hours. (B) Cells were pre-incubated with 50µM, 100µM or 1mM of GSH 
in DME/0.5% FBS for 2 hours before exposing to 50µM H2O2. Cells were harvested 
for luciferase assay at 24 hours. Results are represented as mean of two experiments 
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3.1.4. B Thiol oxidizing agent diamide mimicked the effect of H2O2 in the 
inhibition of NHE-1 gene expression 
 
Diamide (azodicarboxylic acid-bis-dimethylamide) is a thiol (−SH) oxidizing reagent 
that will modify or cross-link cysteine sulfhydryl groups to form cystine disulfide 
bridges (cys-S-S-cys) in proteins (Costantini et al., 2000; Iwase et al., 2001). The 
oxidation by diamide is reversible and can be rescued by the addition of superoxide 
dismutase (SOD), catalase and reducing agent DTT (Liang et al., 1998; Olson et al., 
1985; Weiss and Sagone, 1979). Reduction of the disulphide bond regenerates two 
cysteine molecules. 
To further verify the oxidant-mediated down-regulation of NHE-1 promoter activity, 
the thiol-oxidant diamide was used. L61.1 cells were treated with three different doses 
of diamide, that is, 50µM, 100µM and 250µM for 24 hours and NHE-1 promoter 
activity was assessed. These concentrations of diamide resulted in a 50% decrease in 
NHE-1 promoter at 24 hour in L61.1 cells (Figure 12A). NHE-1 protein expression 
also decreased dose dependently with diamide but required 48 hours of incubation 
(Figure 12B), as compared to 3 hours of initial exposure with H2O2 treatment. The 
continuous incubation of 100µM diamide for 48 hours was non-lethal to the cells as 
indicated by the percentage of sub-G1 population. There was no apparent increase in 
the percentage of apoptotic cells treated with diamide compared to the untreated 
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Figure 12: Diamide dose response repression of NHE-1 expression 
L61.1 cells were treated with increasing doses of diamide for 24 hours in DME/ 0.5% 
FBS (A) Promoter activity was determined by luciferase assay at 24 hour (B) NHE-1 
protein expression by western blot at 48 hour. (C) L61.1 cells were treated with 
various doses of diamide in DME/0.5% FBS for 24 or 48 hours. Single cell 
suspensions of L61.1 cells were prepared, stained with propidium iodide and analyzed 
by FACS to quantify the percent of cells with DNA content corresponding to the 
hypodiploid sub-G1 phase of the cell cycle. Data represents the average +/-SD of two 
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A comparative time kinetic study on NHE-1 promoter activity using diamide and 
H2O2 was performed. Results indicate that 100µM diamide mimicks the effect of 
50µM H2O2 in NHE-1 promoter repression for the first 5 hours of the kinetic, 
reducing the promoter activity by 30% from the control at the fifth hour. However, 
after this time point, treating L61.1 cells with H2O2 demonstrated a more significant 
repression of NHE-1 promoter activity than the treatment with diamide. At 24 hour 
time point, NHE-1 promoter activity was reduced by 70% with H2O2 but only 40% 
with diamide treatment (Figure 13A). These data reflect a difference in efficacy of 
diamide and H2O2 in the inhibition of NHE-1 promoter activity at the later part of the 
time kinetic pathway. As expected, a continuous incubation of 100µM diamide for 48 
hours in this experiment once again down-regulated NHE-1 protein expression in 






























Figure 13: Thiol oxidizing agent diamide mimicked the effect of H2O2 in the 
down-regulation of NHE-1 gene expression 
(A) Following 24 hours of serum deprivation in DMEM/0.5% FBS, L61.1 cells were 
exposed to 100µM of diamide or 50µM H2O2 and harvested for luciferase assay at the 
time points indicated. Data represents the average +/-SD of two experiments done in 
duplicate. (B) L61.1 cells were incubated with 100µM of diamide for 48 hours and 
total lysate was collected for western blot analysis. A representative blot from two 
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3.1.4. C Reducing agent βME blocked the gene repression of NHE-1 by H2O2 
in the early part of the time kinetic 
From our findings of the comparative study using diamide and H2O2, it seems that the 
oxidant-mediated repression of NHE-1 promoter activity happens at the early part of 
the kinetic. In order to test this hypothesis, we designed an experiment where reducing 
agent βME was added prior H2O2 introduction or at different time points post-H2O2 
addition. Results show that βME was effective in abolishing the inhibitory effect of 
H2O2 when it was added 2 hours prior H2O2 incubation or maximally 5 hours post- 










Figure 14: ME inhibited H2O2-mediated repression of NHE-1 gene expression if 
it was added prior to H2O2 incubation or maximally 5 hours post-H2O2 treatment  
After serum deprivation in DME/0.5% FBS, medium was replaced with fresh 
DME/0.5% FBS. L61.1 cells were exposed to 50µM H2O2 and 500µM ME at 
different time intervals indicated (for example, -2 represents ME added 2 hours prior 
to H2O2 challenge and +5 represents ME added 5 hours after H2O2 exposure). In all 
cases, H2O2 was added for 3 hours, medium was then replaced and cells were 
harvested at an end-point of 24 hour after H2O2 exposure. Inhibition of NHE-1 
promoter activity by H2O2 is shown on the extreme right of the graph as a positive 
control. Data represents the average +/-SD of two experiments done in duplicate. 
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3.2 ACTIVATION OF CASPASE 3 AND 6 IS REQUIRED FOR MILD 
OXIDATIVE STRESS-INDUCED DECREASE IN NHE-1 GENE 
EXPRESSION  
 
3.2.1 Caspases are involved in the sustained inhibition of NHE-1 gene 
expression mediated by H2O2 
Caspases are a family of cysteine proteases that have been identified to have central 
roles in apoptosis and inflammation. In addition to their conventional roles, increasing 
evidence (Lamkanfi et al., 2007; Li and Yuan, 2008; Maelfait and Beyaert, 2008) 
identified their non-apoptotic cellular functions such as cell development, 
proliferation and differentiation, cell motility and migration, and post-translational 
modification and regulation of proteins such as transcription factors (Droin et al., 
2009; Guilherme et al., 2009a; Lamkanfi et al., 2007; Launay et al., 2005). 
In agreement with the function of caspases in cellular responses beyond apoptosis, we 
next assessed the involvement of caspases in the down-regulation of NHE-1 gene 
expression mediated by H2O2. Hundred micromolars of pan-caspase inhibitor, z-
VAD-fmk was incubated with L61.1 cells for 2 hours before exposure to 50µM H2O2. 
Pre-incubating L61.1 cells with z-VAD-fmk abolished the inhibitory effect of H2O2 
on both NHE-1 promoter activity and protein expression (Figure 15A and 15B). 
There was a 50% rescue in the promoter activity when the activities of caspases were 
blocked. Furthermore, these results were confirmed by real-time PCR analysis. When 
L61.1 muscle cells or IMR90 human lung fibroblasts were pre-treated with z-VAD-
fmk prior 25µM or 50µM H2O2, there was about a 50% rescue in NHE-1 mRNA level 
in both cell lines. These results correlate with the promoter activity data (Figure 15C).  
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Figure 15: Inhibition of NHE-1 gene expression by H2O2 is caspases dependent 
(A) L61.1 cells were serum starved in DME/0.5% FBS for 24 hours. Cells were pre-
incubated with 100µM zVAD-fmk in DME/0.5% FBS for 2 hours before exposure to 
50µM H2O2. L6 cells were harvested 24 hours following treatment with H2O2 for 
luciferase assay. (B) NHE-1 protein expression from the same experimental set-up as 
(A) was performed and assessed by Western blotting. A representative blot from two 
independent experiments is shown. (C) NHE-1 mRNA levels were quantitated by 
Taqman real-time PCR, normalized to endogenous control (18S RNA for L61.1 cells 
and human GAPDH for IMR90 cells). Relative NHE-1 mRNA expression is shown as 
percent of non-H2O2 treated controls with or without zVAD-fmk. Results shown are 
average out of three experiments done in duplicate +/-SD. Densitometry analysis of 
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Since both oxidation process and caspase activation are involved in the regulation of 
NHE-1 gene expression by non-apoptotic doses of H2O2 based on our findings, we 
next examined the relationship between these two processes. A time kinetic study of 
NHE-1 promoter activity with the presence and absence of βME or z-VAD-fmk was 
set up. Treatment of L61.1 fibroblasts with βME 2 hours before the addition of H2O2 
resulted in a complete rescue of NHE-1 promoter repression throughout the time 
points we investigated. Interestingly, pre-incubation of cells with general-caspase 
inhibitor, z-VAD-fmk abolished the inhibitory effect of H2O2 on NHE-1 promoter 
activity only at the later phase of the kinetic. Treatment with z-VAD-fmk did not 
affect the initial decrease in the promoter activity for up to 9 hours following exposure 










Figure 16: Reducing agent βME and pan-caspases inhibitor z-VAD-fmk rescue 
the inhibition of NHE-1 gene expression by H2O2 at different time points 
L61.1 cells were pre-incubated for 2 hours in the absence or presence 100µM zVAD-
fmk or 500µM βME in DME/0.5% FBS, and exposed to 50µM H2O2 for 3 hours. 
Cells were then released in DME/0.5% FBS without H2O2, but containing either 
zVAD-fmk or βME. NHE-1 promoter activity was assessed at the time points 
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Next, we performed a similar kinetic analysis but with diamide. Pre-incubation of 
L61.1 cells with βME completely abolished the inhibitory effect of diamide. In 
contrast, pan-caspase inhibitor, z-VAD-fmk seems to have no effect on diamide-
mediated NHE-1 promoter inhibition throughout the kinetics (Figure 17). These 
results show that caspases are not involved in the oxidation-induced decrease of NHE-
1 promoter activity. Instead, the results suggested that H2O2 has a function of more 












Figure 17: Reducing agent βME but not pan-caspases inhibitor z-VAD rescues 
the inhibition of NHE-1 gene expression by thiol-oxidant diamide 
L61.1 cells were pre-incubated for 2 hours in the absence or presence of 100µM 
zVAD-fmk or 500µM βME in DME/0.5% FBS before treating with 100µM diamide. 
Cells were harvested at the various time points indicated for luciferase assay. Data 
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3.2.2 Caspases 3 and 6 are involved in the H2O2-mediated inhibition of NHE-1 
promoter activity. 
 
Since a general caspase inhibitor prevented the inhibitory effect of H2O2 on NHE-1 
promoter activity, we next examined the involvement of particular caspases in this 
process.  
To identify the caspases involved in this mechanism, the enzymatic activities of 
caspase 8, 9, 3, 6, 10 and 1 were examined. L61.1 cells were harvested at various time 
points for the determination of caspases activity using the fluorogenic peptide 
substrates for the respective caspases. Since caspase 1 is involved in the regulation of 
cytokine maturation during inflammation activity and caspases 10 is absent in rodent 
cells (Li and Yuan, 2008), caspases 1 and 10 should not be activated by H2O2 in L61.1 
rat cells. To show that the synthetic caspases fluorogenic peptide substrates are 
specific, activities of caspases 1 and 10 were measured. Our results show that caspase 
1 and caspase 10 were not activated by 50µM H2O2 in L61.1 cells (Figure 18A and 
18B). A time kinetic analysis of activities for caspases 3, 6, 8 and 9 was performed. 
Results show that caspases 3 and 6 were activated by 50µM H2O2 in L61.1 cells and 
surprisingly, the activities of initiator caspases 8 and 9 measured were not higher than 
the basal level (Figure 19). The activity of caspase 3 treated with 50µM H2O2 was 4 
times higher than the untreated control at 12 hour, and 2.5 times higher for caspase 6 
























Figure 18: Caspases 1 and 10 are not activated by H2O2 in L61.1 cells 
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Total cell lysates at the indicated time intervals were collected and assayed 
for the activation of (A) caspase 1 (Ac-YVAD-AFC) and (B) caspase 10 (Ac-AEVD-
AFC) as described in Materials and Methods in section 2.2.4. Caspase activity was 
normalized to protein concentration and expressed as folds increase over untreated 














































































Figure 19: H2O2 induced activation of caspases 3 and 6 independent of the 
initiator caspases 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Total cell extracts 
from L61.1 cells following 50M H2O2 treatment at varying time intervals were 
collected and assayed for the activities of caspases 8, 9, 6 and 3 as described in 
Materials and Methods in section 2.2.5. Caspase activity was normalized to protein 
concentration and expressed as folds increase over untreated cells (X increase over 
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To further confirm the caspases that are involved in this pathway, we next set up a 
time kinetic study to analyse the effect of blocking caspases 3, 6, 8 or 9 on H2O2- 
mediated repression of NHE-1 promoter activity. Tetrapeptide inhibitor of caspase 3 
(z-DEVD-fmk), caspase 6 (z-VEID-fmk), caspase 8 (z-IETD-fmk) or caspase 9 (z-
LEHD-fmk) were pre-incubated with L61.1 cells prior H2O2 addition. Consistent with 
the caspase activity results, blocking of caspase 3 and 6 with their specific inhibitor 
rescued the promoter activity in the late phase, that is, from 9 hours post-H2O2 
introduction. By contrast, blocking of initator caspases 8 and 9 had no effect on the 
repression of NHE-1 promoter activity induced by H2O2 (Figure 20). 
Remarkably, gene silencing of caspase 3 or 6 also allowed NHE-1 promoter activity 
to recover from the initial repression mediated by H2O2 (Figure 21A). The different in 
the level of NHE-1 promoter repression by caspase 3 and caspase 6 observed in figure 
21 could be due to the different in the efficiency of gene silencing. The efficiency of 
silencing caspase 3 and 6 was assessed by western blot analysis of the respective 
protein expression. The siRNA used to silence caspase 3 or 6 was caspase-specific 
(Figure 21B). From these results, we can thus conclude that caspase 3 and caspase 6 




























Figure 20: H2O2 induced inhibition of NHE-1 promoter activity involves the 
activation of caspases 3 and 6 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were pre-incubated in fresh DME/0.5% FBS with 30M of caspase 3 (z-DEVD-fmk), 
caspase 8 (z-IETD-fmk), caspase 9 (z-LEHD-fmk) or caspase 6 (z-VEID-fmk) 
inhibitors before exposure to 50M H2O2. Cells were harvested for luciferase assay to 
assess for NHE-1 promoter activity at the indicated time points. Data shown are mean 
























































Figure 21: siRNA gene silencing of caspases 3 and 6 abolished the inhibitory 
effect of H2O2 on NHE-1 promoter activity 
(A) L61.1 cells were transfected with either a control siRNA (siCo) or specific siRNA 
to caspase 3 (siC3) or caspase 6 (siC6). Fourty hours post-transfection cells were 
exposed to 25M H2O2 for 3 hours before being harvested for luciferase assay to 
measure NHE-1 promoter activity at 12 hour, 18 hour, and 24 hour after H2O2 
treatment. Data shown are mean of two experiments done in duplicate +/- SD. (B) 
Total cell lysates were subjected to western blot analysis for the detection of caspases 
3 and 6 to assess transfection efficiency. A representative blot from at least two 
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3.2.3 Caspase 3 activity found in the nucleus is important for NHE-1 gene 
regulation induced by H2O2 
We have demonstrated that caspases 3 and 6 participate in the down-regulation of 
NHE-1 gene expression in L61.1 cells. It was reported that caspases can be found in 
the nucleus during both apoptotic and non-apoptotic conditions (Launay et al., 2005; 
Meischl et al., 2006) . Intrigued by these findings, we next questioned if caspase 3 
could localize in the nucleus to facilitate the cleavage of the transcription factors of 
NHE-1 during mild oxidative stress. To verify this hypothesis, we performed a 
nuclear-cytosolic fractionation to assess the activity of caspase 3 in the nucleus. L61.1 
cells were harvested at 0 hour, 9 hour, 12 hour and 18 hour for fractionation. Using 
the nuclear fractions, the enzymatic activities of caspase 3 was measured. Our results 
show a noticeable increase in caspase 3 activity in both the nuclear and cytosolic 
fractions at 9 hour as well as 12 hour following exposure of the cells to H2O2. 
Interestingly, when we normalized the results to their untreated controls (0.5% FBS), 
the increase in caspase 3 activity in the cell nuclear fractions was greater than that in 
the cytosolic fraction at all time points measured. There was a 4 folds increase in 
caspase 3 activation in the nucleus compared to a 3 folds increase in the cytosol at 9 
























Figure 22: H2O2-mediated increased in caspase 3 activity is more pronounced in 
the nucleus than in the cytosol  
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Cells were harvested at the various time points indicated for nuclear-
cytosolic fractionation as described in the Materials and Methods section 2.2.10. 
Caspase activity was normalized to protein concentration and expressed as folds 
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Next, we evaluated the activity of caspases 3 and 6 at 10 hour time point. L61.1 cells 
were treated with 50µM H2O2 before we performed the nuclear-cytosolic fractionation. 
When we looked at the absolute fluorescence readings (RFU), these readings were 
higher for the activity of caspases 3 measured in cytosolic fractions than in the nuclear 
fractions. However, upon normalization with their respective untreated controls, the 
increase in the nuclear fractions was actually greater than the cytosolic counterpart. 
For the activation of caspase 3, there was a 1.8 times increase in the activity in the 
cytosol and a 2.3 times increase in activity in the nucleus of L6 cells with 50µM H2O2 
treatment (Figure 23A). As for the activation of caspases 6, 50µM H2O2 increase the 
activity of caspases 6 in the cell nucleus but not as significant as caspases 3 activation 
(Figure 23B). Hence, in the subsequent experiments, we focused our attention on the 
study of caspase 3 in this system.  
To further confirm the presence of caspase 3 in the nucleus, we examined the protein 
expression of caspases 3 in the cytosolic and nuclear extracts using an antibody that 
detects endogenous levels of full length caspase 3 and the large fragment of caspase 3 
resulting from cleavage. Western blot analysis shows that there was a basal level of 
caspase 3 proteins in the nucleus.  Moreover, the protein expression of cleaved 
caspase 3 in the nucleus was increased by 46% upon treatment with 50µM H2O2 
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** P-value < 0.01 (compared to 0.5%FBS control) 
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Figure 23: Increase in cleaved caspase 3 activity and expression induced by H2O2 
is more pronounced in the nucleus than cytosol of L61.1 cells  
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Cells were harvested at 10 hour post-incubation with 50M H2O2 for 
nuclear-cytoplasmic fractionation as described in the Materials and Methods section 
2.2.10. Nuclear or cytosolic lysate collected and assayed for the activities of (A) 
caspase 3 and (B) caspase 6. Caspase activity was normalized to protein concentration 
and expressed as folds increase over untreated cells (X increase over control). Data 
shown are mean of two experiments done in duplicate +/- SD. (C) L61.1 cells were 
treated similarly as described above. Nuclear and cytosolic lysates collected were 
used for western blot analysis. PARP was used as a nuclear marker and Cu/Zn SOD 
was used as a cytosolic marker. A representative blot from three independent 
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These results were further verified by immunocytostaining using a specific antibody 
that preferentially recognizes the p17 fragment of an active caspase 3. Analysis by 
confocal microscopy indicated that active caspase 3 was detected in the nuclei of L6 
cells when the cells were grown in 0.5% FBS-containing medium without any drug 
treatment. When L6 cells were treated with non-lethal doses of H2O2 at 25µM and 
50µM, there was an increase in the fluorescence intensity indicating the increase in 
active caspase 3 expression in the nucleus. It is important to note that the nuclei of L6 
cells remained intact with 25µM and 50µM H2O2. In contrast, when L61.1 cells were 
treated with a toxic dose of H2O2 or apoptotic drug, staurosporine (STS), 
immunoreactive signal of active caspase 3 was detected in the cytosol of  L6 cells 
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Figure 24: Increase in active caspase 3 in the nucleus post-H2O2 treatment 
detected by immunofluorescence 
L61.1 cells were seeded on sterile coverslips growing in tissue-culture plate 
containing DME/10% FBS before serum-starved in DME/0.5% FBS. Cells were 
treated with 25M, 50M, 300M H2O2 or 1M STS for 12 hours before being fixed 
for immunofluorescence assay as described in materials and methods section 2.2.13. 
Cells treated with 300M H2O2 were shrunk so the immunofluorescence photo taken 
is of a higher magnification as indicated. Immunocytostaining was performed with 
primary antibody against the p17 fragment of active caspase 3 (red) and nuclear 




















P g | 135 
 
3.2.4 Down-regulation of NHE-1 protein expression induced by H2O2 is mainly 
attributed to the inhibition of NHE-1 gene transcription 
 
In a study on renal tubular epithelial cell apoptosis, it showed that direct cleavage of 
in vitro-translated NHE-1 by caspases 3 can occur (Wu et al., 2003). We then 
questioned whether the down-regulation of NHE-1 protein expression induced by 
H2O2 could solely be attributed to NHE-1 transcriptional down-regulation, or can 
post-translational process like proteins cleavage by caspases also occur resulting in 
the decrease in NHE-1 protein level.  
To answer this question, we designed an experiment to compare the efficacy of NHE-
1 gene repression mediated by H2O2 and DNA transcription suppressor actinomycin 
D. Incubating L61.1 cells with either 50µM H2O2 or 1µg/ml actinomycin D increased 
caspase 3 activity to 3 times over the untreated control. Since treating L6 cells with 
actinomycin D alone was able to induce the increase of caspase 3 activity just like the 
action of H2O2, addition of pan-caspase inhibitor z-VAD with actinomycin D 
appeared to be necessary (Figure 25). Hence, the decrease in NHE-1 protein in the 
presence of actinomycin D alone could not only be due to a decrease in transcription, 
but also by way of direct cleavage of NHE-1 by caspase 3. In the presence of z-VAD, 
cells exposed to actinomycin D for 24 hours underwent a 67.7% decrease in NHE-1 
mRNA compared to control cells (Figure 26A). The percent of NHE-1 mRNA level 
with different treatments was quantitated (Figure 26B). This decrease in NHE-1 
mRNA corresponded to a 23.1% reduction in protein expression (Figure 27B). 
Treatment of L61.1 cells with 50µM H2O2 alone resulted in a 30.1% decrease in the 
protein expression (Figure 27C). The decrease in NHE-1 transcription upon exposure 
to 50µM H2O2 was comparable to that obtained with z-VAD plus actinomycin D and 
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the inhibitory effect on protein expression was only slightly more pronounced than the 
combined treatment with z-VAD and actinomycin D (Figure 27A and 27B). Taken 
together, our data indicates that the major effect of H2O2 on NHE-1 protein expression 
could be accounted for by the inhibitory effect on NHE-1 gene transcription (mRNA); 
however, the possible involvement of post-transcriptional events such as caspase 3-










Figure 25: DNA transcriptional inhibitor actinomycin D increases caspase 3 
activities in L61.1 cells 
Total cell extracts from L61.1 cells following either 50µM H2O2 or 1µg/ml 
actinomycin D (ACT.D) treatment in the absence and presence of 100µM z-VAD at 9 
hour and 18 hour time intervals were collected and assayed for the caspase 3 activities 
as described in Materials and Methods section 2.2.4. Caspase activity was normalized 
to protein concentration and expressed as fold increase over untreated cells (X 































































Figure 26: Decrease of NHE-1 mRNA level induced by H2O2 is of similar degree 
to transcriptional inhibition by actinomycin D 
(A) In the same experimental set-up as figure 15, total RNA of L61.1 cells was 
collected at 24 hour. NHE-1 mRNA expression was quantified by Taqman real-time 
PCR, normalized to endogenous control (18S RNA). Relative NHE-1 mRNA 
expression is expressed as percent of untreated control. (B) Summary of data 
calculated for mRNA expression of the various treatments. Data shown is the mean of 
three experiments done in duplicate +/- SD. 
 
Treatment Average/% SD
0.5%FBS Control 100 0
H2O2 32.2 1.1
ACT.D 29.4 1.6
0.5%FBS/ Control 100 0


























































Figure 27: Down-regulation of NHE-1 protein expression by H2O2 is mainly due 
to the transcriptional repression of NHE-1 promoter 
NHE-1 protein expression from the same experimental set-up as figures 15 and 16 
was performed by (A) western blotting at 24 hour time point and (B) quantitated by 
densometric analysis. NHE-1 protein expression is shown as percent decrease from 
untreated controls (% of control). (C) Summary of data calculated for protein 
expression of the various treatments. Average, n=3 (zVAD), n=4 (medium) Data 














0.5%FBS Control 100 0
H2O2 69.9 2.1
ACT.D 59.4 4.4
0.5%FBS/ Control 100 0































































Figure 28: Summary diagram illustrating the contribution of transcription and 
post-transcriptional event that result in the total decrease of NHE-1 protein 
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3.3 ACTIVATION OF CASPASES 3 AND 6 MEDIATED BY MILD 
OXIDATIVE STRESS INVOLVES IRON 
 
Oxidative stress is known to activate caspases especially in the process of cell death 
(Malik et al., 2007; Ozben, 2007). H2O2 is a mild oxidant and hardly interacts directly 
with intracellular targets, therefore by itself does not initiate much reaction. However, 
H2O2 can react with transition metals such as iron, yielding hydroxyl radical (HO•) 
which is much more reactive (Halliwell and Gutteridge, 1999) (Antunes and Cadenas, 
2001). Experimental evidence has indicated that H2O2 can activate caspases, and 
induces apoptosis via oxidation caused by HO• formed through Fenton chemistry 
(Antunes and Cadenas, 2001; Hampton et al., 1998; Hirpara et al., 2001).  
3.3.1 Sustained repression of NHE-1 mediated by H2O2 is iron-dependent  
Since the two consequences of a Fenton reaction are the production of HO• and redox 
cycling of iron, we next investigated the involvement of iron and HO• in the 
regulation of NHE-1 promoter activity induced by H2O2. 
In order to assess if HO• is involved in the caspases-dependent inhibition of NHE-1 
promoter activity by H2O2, a HO• scavenger, sodium formate (HCOONa) (Casado et 
al., 2007; Shi et al., 2004) was pre-incubated with L61.1 cells prior to either 25µM or 
50µM H2O2, and promoter activity of NHE-1 was determined 24 hours after peroxide 
treatment. Surprisingly, there was no rescue in NHE-1 promoter activity upon the pre-
treatment with HCOONa (Figure 29A). To further confirm this observation, a 
promoter kinetics analysis of NHE-1 was performed. HCOONa has no effect on 
repression of NHE-1 promoter activity by H2O2 throughout the time points tested 
(Figure 29B).  This result was supported by western blot analysis of NHE-1 protein 
expression whereby the decrease in NHE-1 protein level mediated by H2O2 was not 
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prevented by the addition of HCOONa (Figure 29C). Collectively, our results 
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Figure 29: Scavenging of HO• by HCOONa does not rescue the repression of 
NHE-1 promoter mediated by H2O2 
(A) L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were pre-incubated in fresh DME/0.5% FBS in the presence and absence of 20mM 
HCOONa for 2 hours before exposure to 25M or 50M H2O2. Cells were harvested 
for luciferase assay to assess for NHE-1 promoter activity 24 hours post-H2O2 
challenge. (B) Following serum deprivation in DME/0.5% FBS for 24 hours, L61.1 
cells were pre-treated with and without 20mM HCOONa for 2 hours before addition 
of 50M H2O2. Cells were harvested for luciferase assay at the indicated time points. 
Data shown in (A) and (B) are mean of at least two experiments done in duplicate +/- 
SD. (C) L61.1 cells were treated as described in (B) and harvested for western blot 
analysis of NHE-1 protein expression at 24 hour. A representative blot from two 
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Next, the role of iron in the inhibition of NHE-1 expression was assessed. A 
commonly used iron chelator, desferrioxamine (DFO) that can chelate both 
extracellular and intracellular labile iron (Cinatl et al., 1996; Halliwell, 1982; 
Hoffbrand and Wonke, 1997) was pre-incubated for 2 hours with L61.1 cells before 
exposure to 25µM or 50µM H2O2, and cells were harvested at 24 hour for NHE-1 
promoter assessment. From our results, pre-treating L61.1 cells with 1mM DFO 
prevented the decrease of NHE-1 promoter activity induced by H2O2 (Figure 30A). 
Furthermore, the effect of iron chelation by DFO mirror-imaged the effect of caspase 
inhibition on NHE-1 promoter activity mediated by peroxide where rescue on the 
promoter started significantly from 9 hours post H2O2 introduction in the kinetics 
study (Figure 30B). Moreover, in agreement with the rescue of NHE-1 promoter 
activity repression by pre-treatment with DFO, likewise, the decrease of NHE-1 
protein expression mediated by H2O2 was abolished via the addition of DFO (Figure 
30C). These results support that presence of iron is required for the decrease of NHE-
1 gene expression by H2O2. 
From these findings, we hypothesized that iron could take part in the pathway of 
caspases activation during H2O2-mediated NHE-1 gene repression. The effect of iron 
chelation by DFO on the activation of caspase 3 and caspase 6 was examined. Our 
data show that DFO blocked the activation of caspases 3 and 6 induced by H2O2 
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Figure 30: Chelating of iron by DFO inhibits the repression of NHE-1 promoter 
mediated by H2O2 
(A) L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were pre-incubated in fresh DME/0.5% FBS in the presence and absence of 1mM 
DFO for 2 hours before exposure to 25M or 50M H2O2. Cells were harvested for 
luciferase assay to assess for NHE-1 promoter activity 24 hours post-H2O2 treatment. 
(B) Time kinetic analysis of NHE-1 promoter activity. Following serum deprivation 
in DME/0.5% FBS for 24 hours, L61.1 cells were pre-treated with and without 1mM 
DFO for 2 hours before addition of 50M H2O2. Cells were harvested for luciferase 
assay at the indicated time points. NHE-1 promoter activity is expressed as percent of 
untreated control (% of control). Data shown in (A) and (B) are mean of at least two 
experiments done in duplicate +/- SD. (C) L61.1 cells were treated as described in (B) 
and harvested for western blot analysis of NHE-1 protein expression at 24 hour. A 































Figure 31: Chelating of iron by DFO prevent the increase of caspases 3 and 6 
activities mediated by H2O2 
Following serum deprivation in DME/0.5% FBS for 24 hours, L61.1 cells were pre-
treated with and without 1mM DFO for 2 hours before addition of 50M H2O2. Cells 
were harvested at the various time points indicated and assayed for the activities of (A) 
caspase 3 and (B) caspase 6 as described in Materials and Methods section 2.2.5. 
Caspase activity was normalized to protein concentration and expressed as folds 
increase over untreated cells (X increase over control). Data shown in (A) and (B) are 
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To ascertain if iron is indeed involved in H2O2-mediated activation of caspases 3 and 
6 to down-regulate NHE-1 promoter activity, we repeated the above experiments 
using another iron chelator, 1,10-phenanthroline that is more cell permeable and can 
chelate most of the intracellular ferrous iron (Gelain and Moreira, 2008). As expected, 
pre-incubating L61.1 cells with 25µM phenanthroline abolished the inhibitory effect 
of NHE-1 promoter mediated by H2O2. Phenanthroline seems to be a more potent iron 
chelator. There was an 80% rescue in the promoter activity with phenanthroline when 
cells were treated with 50µM H2O2 (Figure 32A). Also, the decrease in NHE-1 
protein level was prevented (Figure 32B).  Pre-treatment of L6 cells with 
phenanthroline blocked both the activation of caspases 3 and 6 initiated by 50µM 
























Figure 32: Chelating of iron by phenanthroline rescue the decrease in NHE-1 
promoter activity mediated by H2O2 
(A) L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were pre-incubated in fresh DME/0.5% FBS in the presence and absence of 25M 
phenanthroline (PHEN) or 0.2% DMSO for 2 hours before exposure to 50M H2O2. 
Cells were harvested for luciferase assay to assess for NHE-1 promoter activity 24 
hours post-H2O2 treatment. DMSO is the solvent for iron chelator PHEN and used as 
a vehicle control. NHE-1 promoter activity is expressed as percent of untreated 
control (% of control). Data shown are mean of two experiments done in duplicate +/- 
SD. (B) L61.1 cells were treated in the presence and absence of 25M PHEN for 2 
hours before exposure to 50M H2O2 and harvested for western blot analysis of NHE-
1 protein expression at 24 hour. A representative blot from two independent 
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Figure 33: Chelating of iron by phenanthroline prevents the increase of caspases 
3 and 6 activities mediated by H2O2 
Following serum deprivation in DME/0.5% FBS for 24 hours, L61.1 cells were pre-
treated with and without 25M phenanthroline (PHEN) for 2 hours before addition of 
50M H2O2. Cells were harvested at the various time points indicated and assayed for 
the activities of (A) caspase 3 and (B) caspase 6 as described in Materials and 
Methods section 2.2.4. Caspase activity was normalized to protein concentration and 
expressed as folds increase over untreated cells (X increase over control). Data shown 
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Deferiprone (DFP) is a more soluble iron chelator, dissolves well in aqueous culture 
medium, enters most cells readily and efficiently to reach the major intracellular sites 
of iron accumulation as compared to DFO that diffuses much slower into the cells and 
heavily dependent on the endocytic activities of the cell (Glickstein et al., 2005). 
NHE-1 promoter activity was completely rescued by this third iron chelator, 










Figure 34: Chelating of iron by DFP inhibits the repression of NHE-1 promoter 
mediated by H2O2 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
incubated in fresh DME/0.5% FBS in the presence and absence of various 
concentrations of DFP for 2 hours before exposure to 50M H2O2. Cells were 
harvested for luciferase assay to assess for NHE-1 promoter activity 24 hours post-
H2O2 treatment. NHE-1 promoter activity is expressed as percent of untreated control 
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To provide additional evidence of the ability of iron to regulate NHE-1 gene 
expression, we assessed the effect of direct exposure of L61.1 cells to iron (III) 
chloride (FeCl3). Introduction of L61.1 cells to 1mM FeCl3 produced the same results 
as that of H2O2. Both the promoter activity and protein expression of NHE-1 were 
down-regulated by FeCl3 (Figure 35A and 35B). Moreover, the repression of NHE-1 
promoter activity induced by FeCl3 was reverted by the treatment of specific 
inhibitors as well as gene silencing of caspases 3 and 6 (Figure 35C and 35D). The 
efficiency of silencing of caspase 3 and caspase 6 was assessed by western blot 
analysis of the respective caspases (Figure 35E). As expected, the repression of 
NHE-1 promoter activity induced by FeCl3 was unaffected by the presence of HO• 
scavenger HCOONa (Figure 35F). Collectively, we have proven the involvement of 
iron but not HO• in this H2O2-mediated activation of caspases 3 and 6 mechanism to 
down-regulate NHE-1 promoter activity in L61.1 cells. It is interesting to note that 
addition of FeCl3 induced a small percentage increase (about 10%) in the sub-G1 
population at 24 hour post-treatment compared to the untreated control cells in 0.5% 
FBS containing medium (Figure 35G). This may due to the activation of other stress-
























































































































































































































Figure 35: Activities of caspases 3 and 6 are required for FeCl3-induced NHE-1 
promoter inhibition 
(A) Following 24 hours serum deprivation in DME/0.5% FBS, L61.1 cells were 
exposed to 500M FeCl3 or 50M H2O2 in fresh DME/0.5% FBS. Cells were 
harvested for luciferase assay to assess for NHE-1 promoter activity at the indicated 
time points. (B) Expression of NHE-1 following 500M FeCl3 was assessed by 
western blotting as described in Materials and Methods section 2.2.8. A representative 
blot from two independent experiments is shown. (C) L61.1 cells were pre-incubated 
in fresh DME/0.5% FBS with 30M of caspase 3 (z-DEVD-fmk) or caspase 6 (z-
VEID-fmk) inhibitors before exposure to 500M FeCl3. Cells were harvested for 
luciferase assay to assess for NHE-1 promoter activity at the indicated time points. 
NHE-1 promoter activity is expressed as percent of non-FeCl3 treated cells (% of 
control). (D) L61.1 cells were transfected with either a control siRNA (siCo) or 
specific siRNA to caspase 3 (siC3) or caspase 6 (siC6). Forty hours post-transfection 
cells were exposed to 500M FeCl3 and then harvested for luciferase assay at 12 hour, 
18 hour, and 24 hour time points. (E) Total cell lysates were subjected to western blot 
analysis for the detection of caspases 3 and 6 to assess transfection efficiency. A 
representative blot from at least two independent experiments is shown. (F) L61.1 
cells were pre-treated with 20mM HCOONa for two hours before exposure to 500M 
FeCl3 in fresh DME/0.5% FBS. Cells were harvested for luciferase assay to assess for 
NHE-1 promoter activity at the indicated time points. (G) L61.1 cells were treated 
with 500M FeCl3 in DME/0.5% FBS for 24 hours. Cell suspensions of L61.1 cells 
were prepared, stained with propidium iodide and analyzed by FACS to quantify the 
percent of cells with DNA content corresponding to the hypodiploid sub-G1 phase of 
the cell cycle. Percent of apoptotic cells was calculated by the percentage of cells in 
sub-G1 to the total cells’ population. Data shown in (A), (C), (D), (F) and (G) are 
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3.4 DOWN-REGULATION OF NHE-1 PROMOTER ACTIVITY IS 
DEPENDENT ON THE PRODUCTION OF PEROXYNITRITE 
 
3.4.1 An initial stimulus mediated by H2O2 induces a transient increase of 
ONOO- at a later phase that is responsible for NHE-1 gene regulation 
Peroxynitrite (ONOO-), a biological product generated from the interaction of nitric 
oxide (NO) and superoxide (O2-) has also been demonstrated to activate caspases (Lin 
et al., 1998; Zhuang and Simon, 2000). Based on its chemistry, ONOO- can be 
synthesized from H2O2 in the presence of nitrite as well (Robinson and Beckman, 
2005). In addition, a research report has indicated that iron increased the intracellular 
levels of ONOO- and NO (Habel and Jung, 2006). We therefore hypothesized that 
iron and ONOO- may be generated in our system and assist in the down-regulation of 
NHE-1 gene expression induced by an initial H2O2 stimulus. Recent reports has 
demonstrated that iron increased the intracellular levels of ONOO- and NO (Habel 
and Jung, 2006). ONOO- has also been shown to mediate transient rise in intracellular 
labile iron in a pathway leading to the activation of NF-κB (Xiong et al., 2008).  
Next, we investigate whether ONOO- could be generated in L61.1 cells. The 
compound 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl 
ester (CM-H2DCFDA) or in short, DCFDA is a widely used fluorophore to measure 
the presence of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
such as H2O2, ONOO- and HO• in the cells (Myhre et al., 2003). Here, we used 
DCFDA to assess any increase of ROS at the different time points selected. L61.1 
cells were treated with 50µM H2O2 and cells were collected at 30 minutes, 1, 2, 4, 6, 
12 and 18 hours after peroxide incubation to stain with DCFDA. Interestingly, we 
observed two prominent peaks indicating the increased level of ROS production at 2 
hour and 12 hour time points (Figure 36).  


















Figure 36: Increased level of ROS production is detected at 2 hour and 12 hour 
post-H2O2 treatment  
L61.1 cells were treated with 50M H2O2 in DME/0.5% FBS for 24 hours. Cells were 
collected at the various time points indicated to assess DCFDA fluorescence as 
described in the Materials and Methods section 2.2.15. Data shown are mean of two 
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We next examined the peak at 2 hour. To test if ONOO- is involved, a commonly used 
ONOO- decomposition catalyst, 5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato 
iron (III) (FeTPPS) was pre-incubated with L61.1 cells before exposure to 50µM 
H2O2 (Kohr et al., 2008; Misko et al., 1998; Sharma et al., 2007). Presence of 
FeTPPS blocked the increase of DCF fluorescence induced by 50µM H2O2 at 2 hour 
after trigger (Figure 37A). Increased of DCF fluorescence was demonstrated by 
shifting of the peak (G-mean value) to the right side of the graph whereas peak of a 
graph on the left represents low or no fluorescence detected in this assay (Figure 
37B). 
As mentioned earlier, ONOO- can be produced when O2- reacts with NO or from H2O2 
in the presence of nitrite. To find out whether ONOO- is from de novo synthesis of 
NO, we have utilized a recently developed NO-sensitive fluorescent dye, DAF-FM (4-
amino-5-methylamino-2',7'-difluorofluorescein) diacetate by Nakatsubo et al to assess 
the intracellular NO production in L61.1 cells (Nakatsubo et al., 1998). In cells, DAF-
FM reacts with NO to form a fluorescent benzotrizole that was measured by flow 
cytometry (Nakatsubo et al., 1998; Sheng et al., 2005). Our results show that there 
was an increase of DAF fluorescence in L61.1 cells when they were treated with 
50µM H2O2 for 2 hours. The drug, 3-morpholinosydnominine (SIN-1) that is used as 
an ONOO- donor (Trackey et al., 2001), also increase the DAF fluorescence but not as 
significantly as 50µM H2O2 (Figure 38A and 38B). These data suggest that ONOO- 























Figure 37: ONOO- is detected at 2 hour by DCFDA fluorophore after H2O2 
treatment in L61.1 cells  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
incubated in fresh DME/0.5% FBS in the presence and absence of 10M FeTPPS for 
2 hours before treating with 50M H2O2. Cells were collected 2 hours after H2O2 
treatment to assess for DCFDA fluorescence as described in the Materials and 
Methods section 2.2.15. (A) DCF fluorescence is expressed as percent of non-treated 
cells (% of control). (B) Histogram showing the DCF fluorescence of the no dye 
control on the left and positive control (300M H2O2) on the right. Data shown are 



























































Figure 38: Increase in DAF fluorescence is detected at 2 hour after H2O2 
treatment in L61.1 cells 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were treated 
with 50M H2O2 or 2mM SIN-1 for 2 hours. Cells were collected 2 hours after H2O2 
treatment to assess for DAF fluorescence as described in the Materials and Methods 
section 2.2.16. (A) DAF fluorescence is expressed as arbitrary units. (B) Histogram 
showing the DAF fluorescence of the no dye control on the left and treatment with 
50M H2O2 or 2mM SIN-1 on the right. Data shown are mean of two experiments 


















































P g | 160 
 
We next asked whether incubating L61.1 cells with exogenous ONOO- can produce a 
similar DCF fluorescence as that detected upon exposure of cell to non-toxic doses of 
H2O2. To answer this question, we treated L61.1 cells with 25µM and 50µM H2O2 as 
well as 50µM, 150µM, 200µM and 300µM of aqueous ONOO- to do the comparison 
at 14 hour time point. Results confirm that DCFDA detects ONOO- in L6 cells and the 
amount of DCF fluorescence detected using 150µM and 200µM of ONOO- is similar 





































Figure 39: ONOO- at the concentrations of 150µM to 200µM generate similar 
level of DCF fluorescence as 50µM H2O2 at 14 hour in L61.1 cells 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. A set of L61.1 cells 
was treated with 25M or 50M H2O2. Another set was treated with 50µM, 150µM, 
200µM or 300µM of aqueous ONOO- . Cells were collected 14 hours after treatment 
before assessing for DCF fluorescence as described in the Materials and Methods 
section 2.2.15. DCF fluorescence is expressed as percent of non-treated cells (% of 
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From the results obtained in figure 39, we next postulated that ONOO- could be 
accounted for the second peak observed at the 12 hour time point shown in figure 36. 
To test this, we pre-treated L61.1 cells in the presence and absence of 10µM FeTPPS 
for 2 hours before exposing cells to 50µM H2O2 for 14 hours. The positive control 
where L6 cells were treated with 300µM H2O2 as well as the no dye control is shown 
in Figure 40A. With 50µM H2O2 treatment, there was a 45% increase in the DCF 
fluorescence detected compared to the untreated control cells in 0.5% FBS-containing 
medium. However, when L6 cells were pre-treated with ONOO- decomposition 
catalyst, FeTPPS, the increase in DCF fluorescence by H2O2 treatment was abolished 
(Figure 40B and 40C). This data suggests that production of ONOO- was responsible 
for the increase in DCF fluorescence detected at 12 hour following the exposure of 












































Figure 40: DCF fluorescence produced at 14 hour post-H2O2 was abolished when 
L61.1 cells were pre-treated with ONOO- decomposition catalyst FeTPPS  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
treated with and without 10M FeTPPS for 2 hours prior 50M H2O2 treatment. Cells 
were collected 14 hours after treatment to assess for DCF fluorescence as described in 
the Materials and Methods section 2.2.15. (A) Histogram showing no dye treatment 
(negative control) on the left and DCF fluorescence produced with 300M H2O2 
(positive control) on the right. (B) DCF fluorescence expressed as percent of non- 
treated cells (% of control). (C) Histogram showing the population of L6 cells pre-
treated with FeTPPS having a lower G-mean value compared to the population of 
cells treated with 50M H2O2 alone. Data shown are mean of two experiments done in 







































/ 10µM  FeTPPS
50µM H2O2
/0.5% FBS
P g | 164 
 
Our results show that pre-incubating L61.1 cells with FeTPPS also blocked the 
increase of DAF fluorescence induced by 50µM H2O2 (Figure 41B). Pre-treatment of 
L61.1 cells with FeTPPS shift the G-mean peak to the left of the histogram (Figure 
41C). DAF fluorescence induced by 50µM H2O2 was represented by the peak (G-
mean value) on the histogram whereas peak on the left represents the no dye control 
(Figure 41A). These data suggests that production of ONOO- come from NO 
production, following the addition of 50µM H2O2. Moreover, according to our results, 
DAF-FM fluorophore may be reacting with ONOO- to produce DAF fluorescence. 
Taken together, our results suggest that the second peak we observed with 50µM 
H2O2 at 12 and 14 hour could be due to the increased production of intracellular 












































Figure 41: DAF fluorescence produced at 14 hour post-H2O2 treatment was 
abolished when L61.1 cells were pre-treated with ONOO- decomposition catalyst 
FeTPPS  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
treated with and without 10M FeTPPS for 2 hours prior 50M H2O2 treatment. Cells 
were collected 14 hours after treatment to assess for DAF fluorescence as described in 
the Materials and Methods section 2.2.16. (A) Histogram showing no dye treatment 
(negative control) on the left (B) DAF fluorescence expressed as percent of non-
treated cells (% of control). (C) Histogram showing the population of L6 cells pre-
treated with FeTPPS having a lower G-mean value compared to the population of 
cells treated with 50M H2O2 alone. Data shown are mean of two experiments done in 
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3.4.2 ONOO- participates in the down-regulation of NHE-1 gene expression 
 
3.4.2. A Breakdown of ONOO- by FeTPPS rescues the inhibitory effect of 
H2O2 on NHE-1 promoter activity  
From the experiments shown in section 3.3, we have demonstrated that iron is 
involved in the down-regulation of NHE-1 gene expression mediated by H2O2 
through the activation of caspases 3 and 6. At the same time, we detected ONOO- 2 
hours and 14 hours following treatment of L61.1 cells with H2O2. Hence, we asked 
whether ONOO- could also be involved in the inhibition of NHE-1 promoter. 
To test if ONOO- is involved, FeTPPS was pre-incubated with L61.1 cells before 
exposure to 50µM H2O2. As comparison, L61.1 cells were also pre-treated with HO• 
scavengers HCOONa and dimethyl sulfoxide (DMSO), as well as iron chelators DFO 
and phenanthroline (PHEN). Cells were harvested after 24 hours for luciferase assay. 
Results show that NHE-1 promoter activity mediated by H2O2 was rescued upon 
treatment with FeTPPS, DFO and PHEN (Figure 42). Similar results were obtained 
when different concentrations of H2O2 were used. Pre-incubation of cells with 
FeTPPS blocked the inhibitory effect of H2O2 on NHE-1 promoter activity. There was 
a 30% rescue in promoter activity in L61.1 cells treated with 25µM H2O2 and 73% 
rescue in cells with 50µM H2O2 (Figure 43). Next, we performed a time kinetics 
study on the promoter activity of NHE-1 upon pre-incubation of L61.1 cells with 
FeTPPS prior exposure to 50µM H2O2. Our results show that FeTPPS was effective in 
blocking the inhibition of NHE-1 promoter activity by H2O2 from the beginning of the 
time point till 24 hours of treatment (Figure 44).  
 
 














Figure 42: Breakdown of ONOO- and chelating of iron blocked the inhibition of 
NHE-1 promoter activity mediated by H2O2  
L61.1 cells were pre-treated with and without 10M FeTPPS, 1mM DFO, 25M 
phenanthroline (PHEN) 20mM HCOONa or 0.2% DMSO (vehicle control for PHEN) 
for 2 hours prior 50M H2O2 treatment. Cells were harvested 24 hours after H2O2 
treatment for luciferase assay. NHE-1 promoter activity expressed as percent of 
untreated control (% of control). Data shown are mean of at least two experiments 






























































Figure 43: Breakdown of ONOO- by FeTPPS prevents the decrease of NHE-1 
promoter activity by different doses of H2O2  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
treated with and without 10M FeTPPS for 2 hours prior exposure to 25M, 50M or 
100M of H2O2. Cells were harvested 24 hours after H2O2 treatment for luciferase 
assay. NHE-1 promoter activity is expressed as percent of untreated control (% of 
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Figure 44: Breakdown of ONOO- by FeTPPS prevents the inhibitory effects of 
H2O2 on NHE-1 promoter activity from early part of the time kinetics   
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
treated with and without 10M FeTPPS for 2 hours prior exposure to 50M of H2O2. 
Cells were harvested at the various time points indicated for luciferase assay. NHE-1 
promoter activity is expressed as percent of untreated control (% of control). Data 
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3.4.2. B Breakdown of ONOO- by FeTPPS blocked the activation of caspases 
3 and 6 induced by H2O2  
Given that the removal of ONOO- by FeTPPS blocked the down-regulation of NHE-1 
promoter activity induced by H2O2, we next investigated the role of ONOO- on 
caspases 3 and 6 activation. Ten micromolars of FeTPPS was added to the cells for 2 
hours before 50µM H2O2 treatment, and cells were harvested for caspase assay at 
different time points. Our data show that pre-incubation of L61.1 cells with FeTPPS 
inhibited the enzymatic activities of caspases 3 and 6 induced by 50µM H2O2 
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Figure 45: Breakdown of ONOO- by FeTPPS prevents the increase of caspases 3 
and 6 activation mediated by 50µM H2O2 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
treated with and without 10M FeTPPS for 2 hours prior exposure to 50M of H2O2. 
Cells were harvested at the various time points indicated and assayed for the activities 
of (A) caspase 3 and (B) caspase 6 as described in Materials and Methods section 
2.2.5. Caspase activity was normalized to protein concentration and expressed as folds 
increase over untreated cells (X increase over control). Data shown in (A) and (B) are 
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3.4.2. C Extracellular addition and intracellular generation of ONOO- 
inhibits NHE-1 promoter activity   
Besides using ONOO- decomposition catalyst, FeTPPS, we also examined the 
promoter activity of NHE-1 using drugs such as 3-morpholinosydnominine (SIN-1) 
that produces intracellular ONOO- through the generation of NO and O2•- (Lim et al., 
2007; Thome et al., 2003; Trackey et al., 2001). When 2mM of SIN-1 was incubated 
with L6l.l cells for 24 hours, there was about a 40% decrease in the promoter activity 










Figure 46: Intracellular production of ONOO- by SIN-1 decreases NHE-1 
promoter activity  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours prior the exposure to 
1mM or 2mM of 3-morpholinosydnominine (SIN-1). Cells were harvested after 24 
hours of drug incubation for luciferase assay. NHE-1 promoter activity is expressed as 
percent of untreated control (% of control). Data shown are mean of two experiments 
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To further confirm that ONOO- is involved in the down-regulation of NHE-1 
promoter activity, we incubated L61.1 cells with various non-toxic doses of aqueous 
ONOO-. Cells were harvested at 24 hour for luciferase assay. Exogenous ONOO- 
repressed NHE-1 promoter activity in a dose-dependent manner. ONOO- at 
concentrations between 100µM and 200µM decreased NHE-1 promoter activity to the 
same level as 50µM H2O2 at 24 hour. There was a 40%-60% decrease in the promoter 
activity with these doses of ONOO- (Figure 47). Therefore, in the following 










Figure 47: Treatment of L6.1 cells with extracellularly added ONOO- decreases 
NHE-1 promoter activity in a dose dependent manner  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours prior the exposure to 
50µM H2O2 or increasing doses of  ONOO- as indicated. Cells were harvested at 24 
hour post-treatment for luciferase assay. NHE-1 promoter activity is expressed as 
percent of untreated control (% of control). Data shown are mean of two experiments 
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We next proceeded to investigate the effect of DMSO, PHEN, DFO and FeTPPS on 
the rescue of NHE-1 promoter activity mediated by ONOO- to determine any similar 
trend as that produced by H2O2. L61.1 cells were pre-incubated with the various drugs 
for 2 hours. Cells were then exposed to 150µM ONOO-. Pre-treatment of L61.1 cells 
with iron-chelators and ONOO- decomposition catalyst resulted in a nearly complete 
protection of NHE-1 promoter repression induced by exogenously added ONOO- 













Figure 48: Iron-chelation and ONOO- decomposition rescue the repression of 
NHE-1 promoter activity mediated by ONOO-  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
incubated in the presence or absence of 0.5% DMSO, 1mM DFO, 25µM PHEN or 
10µM FeTPPS 2 hours prior the exposure to 150µM ONOO-. Cells were harvested at 
24 hour post-treatment for luciferase assay. NHE-1 promoter activity is expressed as 
percent of untreated control (% of control). Data shown are mean of two experiments 
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We next examined whether direct addition of aqueous ONOO- or intracellular 
production of ONOO- activates caspases 3 and 6. Our data show that the exposure of 
L61.1 cells to exogenous ONOO- does not induce the enzymatic activities of caspases 
3 and 6 (Figure 49A and 49B). Though intracellular ONOO- donor SIN-1 does 
activate caspases 3 at 9, 12 and 18 hours time point, activation of caspase 3 by SIN-1 
is still much lower than the activation induced by 50µM H2O2. There was no 
significant increase in caspase 6 activity mediated by SIN-1 (Figure 50A and 50B).  
Taken together, these findings support that ONOO- is involved in the down-regulation 
of NHE-1 gene expression by H2O2. Moreover, ONOO- requires the presence of iron 
to decrease NHE-1 promoter activity. However, the down-regulation of NHE-1 gene 


































Figure 49: Exogenously added ONOO- does not activate caspases 3 and 6 in 
L61.1 cells 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were then 
treated with 50M of H2O2 or  150M of ONOO- and harvested at the various time 
points indicated to assess for the activation of (A) caspase 3 and (B) caspase 6 as 
described in Materials and Methods section 2.2.5. Caspase activity was normalized to 
protein concentration and expressed as folds increase over untreated cells (X increase 
over control). Data shown in (A) and (B) are mean of two experiments done in 



















































































Figure 50: ONOO- donor, SIN-1 activates caspases 3  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were then 
treated with 50M of H2O2 or  2mM SIN-1 and harvested at the various time points 
indicated to assess for the activation of (A) caspase 3 and (B) caspase 6 as described 
in Materials and Methods section 2.2.5. Caspase activity was normalized to protein 
concentration and expressed as folds increase over untreated cells (X increase over 
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3.5 PRODUCTION OF ROS AT THE LATE PHASE IS DEPENDENT ON 
CASPASE 3 AND MAY BE GENERATED IN THE NUCLEUS OF L6 CELL 
 
3.5.1 The production of the second ROS/ONOO- is caspase 3 dependent 
Caspases have been shown to be activated by ROS (Hampton et al., 1998; Lin et al., 
1998; Ranawat and Bansal, 2009). However to date, production of ROS upon 
activation of caspases has not been described yet. In order to assess the effect of 
caspases activation in the production of ROS 14 hours following cells’ exposure to 
H2O2, DCF fluorescence was assessed in the presence and absence of the tetrapeptide 
inhibitor of caspases 3 or pan-caspases inhibitor zVAD. Data shows that incubation 
with the caspase inhibitors reduced the increase of DCF fluorescence induced by 
50µM H2O2 (Figure 51A). In addition, siRNA gene silencing of caspases 3 decreased 
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** p-value < 0.01 (compared to siCo/ 0.5%FBS untreated cells) 
#   p-value = 0.01 (compared to siCo with 50µM H2O2 treatment) 
 
Figure 51: Inhibiting the activities of caspase 3 by specific inhibitor and siRNA 
gene silencing prevent the increase of DCF fluorescence at 14 hour following 
exposure of L61.1 cells to H2O2 
(A) L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were then 
pre-treated with and without 30M of caspase 3 inhibitor, z-DEVD-fmk (C3) or 
100M of pan-caspase inhibitor, z-VAD (zVAD) for 2 hours prior 50M H2O2 
treatment. Cells were collected 14 hours after H2O2 incubation to assess DCF 
fluorescence as described in the Materials and Methods section 2.2.15. (B) L61.1 cells 
were transfected with either a control siRNA (siCo) or specific siRNA to caspase 3 
(siC3) and exposed to H2O2 as described in Materials and Methods section 2.2.2. 
Transfection efficiency is determined by western blot analysis of caspase 3 protein 
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3.5.2 The production of ONOO- at 12 hour following L6 cells exposure to H2O2 
may be from the cell’s nucleus  
Recent studies demonstrate that ROS producing enzyme NADPH oxidase (NOX) can 
be found in the nuclei of cells (Meischl et al., 2006; Pendergrass et al., 2009). We 
therefore postulated that the second ROS we detected at 14 hour after an initial 
peroxide stimulus could be generated in the nucleus to facilitate an efficient NHE-1 
gene regulation. We made use of the automated laser scanning cytometry (LSC) that 
can analyze the integrated fluorescence (integral) of a cell and within a cell area 
(Holme et al., 2007a), to determine the DCF fluorescence emitted by the nucleus of 
L6 cells. Our results show that there was an increase in DCF fluorescence in the 
nuclei of L61.1 cells upon exposure to 50µM H2O2. Similarly to our previous results, 
this increase in the DCF fluorescence was reduced in the presence of pan-caspase 























Figure 52: Increase in the level of DCF fluorescence is detected in the cell nucleus 
with H2O2 treatment 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were pre-treated with and without 100M of pan-caspase inhibitor, z-VAD (zVAD) 
for 2 hours prior 25M or 50M of H2O2 treatment for 14 hours. Medium were then 
aspirated and cells were loaded with 2.5M of DCFDA dye for 30 minutes at 37 ˚C in 
dark. After washing off the remaining dye with PBS, fresh phenol red-free medium 
was added to the cells and analyzed by laser scanning confocal microscopy. Data 
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3.5.3 NOX2 and n-NOS are found in L61.1 cells  
From the literature, NOX2 and NOX4 are the two common NADPH oxidase catalytic 
subunits found in the nucleus of a cell (Sturrock et al., 2007; Ushio-Fukai, 2006). 
Therefore the presence of NOX2 and NOX4 in L61.1 cells by western blot analysis 
was assessed. L61.1 cells were seeded in 10% FBS/DME, serum-starved in 0.5% 
FBS-containing medium overnight. The cells were incubated with 50µM H2O2 and 
harvested for nuclear-cytosolic fractionation at 14 hour. In cultured L6 cells, nuclear 
localization of NOX2 protein was observed both at the basal level and with peroxide 
treatment. However, there was no increase in the protein expression of NOX2 
observed with 50µM H2O2. In addition, our results also showed that NOX4 is not 
expressed in the nuclei of L6 cells (Figure 53). 
We have shown that ONOO- is produced in L61.1 cells. ONOO- is made from a 
reaction between O2•- and NO. Hence, we next evaluated the expression of nitric oxide 
synthase (NOS) in L61.1 cells. So far, three structurally distinct isoforms of NOS 
have been identified, namely neuronal (nNOS), endothelial (eNOS) and inducible 
(iNOS) (Salerno et al., 2002). Our results show that only n-NOS is found in L61.1 
cells. Furthermore, treatment of cells with 50µM H2O2 seems to increase the protein 
expression of n-NOS based on western blot analysis (Figure 54). However, more 
























Figure 53: NOX 2 is expressed in the nuclei of L61.1 cells  
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Cells were harvested 14 hours after incubation with 50M H2O2 for nuclear-
cytoplasmic fractionation as described in the Materials and Methods section 2.2.10. 
Nuclear (N) and cytosolic (C) lysates collected were used for western blot analysis. 
Thirty microgram of protein lysates were used for SDS-PAGE to detect for NOX2 or 
NOX4 (91kD) expression. PARP was used as a nuclear marker and Cu/Zn SOD was 
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Figure 54: n-NOS is the predominant nitric oxide synthase found in L6 cells 
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Cells were harvested 24 hour after incubating with 50M H2O2 for SDS-
PAGE. Fifty microgram of protein lysates were used for SDS-PAGE to detect for n-
NOS, i-NOS or e-NOS expression. β-actin is used as a loading control. A 
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3.6 INCREASED HO-1 EXPRESSION AND ACTIVATION OF p38MAPK  
 
3.6.1 Induction of HO-1 by H2O2 may be responsible for the sustained NHE-1 
gene repression 
We have earlier showed the activation of caspase 3 mediated by H2O2 requires iron. 
As a logical progression, we next questioned where this pool of iron is from. There 
are two possibilities, either from the uptake of exogenous iron in the culture medium 
or generated from the cellular components. In the cell, iron is mostly bound to 
components such as heme, ferritin and some enzymes. In addition, there is also the 
existence of a labile and chelatable iron pool (LIP) in cells that bound to low-affinity 
ligands (Kakhlon and Cabantchik, 2002; Prus and Fibach, 2008). It has been shown 
that H2O2 can interact with heme-iron in the active site of heme-containing proteins as 
well as the loosely bound LIP (Galaris et al., 1989; Galaris and Korantzopoulos, 
1997). From the literature, we also gathered information indicating that heme 
oxygenase-1 (HO-1) is an important rate-limiting enzyme in heme degradation 
leading to the production of iron in the cells (Kim et al., 2004; Matsuoka et al., 1999; 
Zukor et al., 2009). Hence, we speculated that activation of HO-1 may be involved in 
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3.6.1. A H2O2 induces HO-1 protein expression    
To determine if HO-1 is activated by H2O2, we first examined the protein expression 
of HO-1 in L61.1 cells after triggering with 25µM, 50µM or 150µM H2O2. Compared 
to untreated cells, there was an increase in HO-1 protein expression upon exposure of 
L61.1 cells to H2O2 (Figure 55). Interestingly, 50µM H2O2 induced a greater increase 
of HO-1 protein expression compared to 150µM H2O2 at 4 hour post-treatment 
(Figure 55).  
To further decipher the effects of non-toxic concentrations of H2O2 on HO-1 protein 
level, a time kinetic analysis of HO-1 protein expression was performed. L61.1 cells 
were harvested at various time points upon incubation with 50µM, 150µM, 300µM 
H2O2 or 150µM ONOO-. Interestingly, 50µM H2O2 induced HO-1 expression earlier 
than 150µM H2O2 whereas 150µM H2O2 induced the increase of HO-1 protein level 
earlier than that of 300µM H2O2. Surprisingly, exogenously added ONOO- did not 
induce a significant increase of HO-1 protein level (Figure 56). The increases in HO-
1 protein expression by 50µM H2O2 are greatest at 6 hour and 24 hour time points. 
Interestingly, HO-1 protein expression was also induced by 50µM H2O2 treatment in 




















Figure 55: H2O2 induces the expression of HO-1  
L61.1 cells were treated with 25M, 50M or 150M of H2O2 after serum-starved in 
DME/0.5% FBS for 24 hours. Cells were harvested at 4 hour or 24 hours after 
incubating with H2O2 for western blot analysis. Fifty microgram of protein lysates 
were used for SDS-PAGE to detect for HO-1 expression. The size of these proteins is 
around 32kD. β-actin is used as a loading control. A representative blot from at least 
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Figure 56: Time kinetic studies of HO-1 protein expression induced by H2O2 and 
ONOO- in L61.1 cells 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. After serum 
deprivation, L61.1 cells were treated with 25M H2O2, 50M H2O2, 150M H2O2, 
300M H2O2 or 150M of ONOO- for 24 hours. Cells were harvested for western blot 
analysis at the indicated time points. Fifty microgram of protein lysates were used for 
SDS-PAGE to detect for HO-1 expression. A representative blot from at least two 
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Figure 57: H2O2 increases HO-1 protein expression in both the cytosol and 
nucleus of L61.1 cell 
L61.1 cells were treated with 50M H2O2 after serum-starved in DME/0.5% FBS for 
24 hours. Cells were harvested 10 hours after incubation with 50M H2O2 for nuclear-
cytoplasmic fractionation as described in the Materials and Methods section 2.2.10. 
Nuclear (N) and cytosolic (C) lysates collected were used for western blot analysis. 
Thirty microgram of protein lysates were used for SDS-PAGE to detect for HO-1 
(32kD) expression. PARP was used as a nuclear marker and Cu/Zn SOD was used as 
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3.6.1. B siRNA gene silencing of HO-1 blocked the activation of caspases 3 
and 6 induced by H2O2  
Next, we set up to examine the effect of HO-1 on the activation of caspases 3 and 6. 
L61.1 cells were transiently transfected with siHO-1. The cells were serum-starved in 
medium with 0.5% FBS before exposing them to 50µM H2O2 and harvested for 
caspase assay at the indicated time points. Activation of caspase 3 was effectively 
blocked by HO-1 siRNA from 6 hours following cells exposure to H2O2. Note that as 
a comparison, PHEN was more efficient to block caspase 3 activation than siHO-1 
(Figure 58A). Similar results were attained for caspase 6 activation where HO-1 gene 
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Figure 58: Silencing of HO-1 expression reduces the activation of caspases 3 and 
6 induced by H2O2  
L61.1 cells were transfected with either a control siRNA (siCo) or specific siRNA to 
HO-1 (siHO-1). Forty hours post-transfection cells were exposed to 50M H2O2 for 6 
hours, 9 hours, 18 hours or 24 hours. Cells were harvested to assess for the activation 
of (A) caspase 3 and (B) caspase 6 as described in Materials and Methods section 
2.2.4. Caspase activity was normalized to protein concentration and expressed as folds 
increase over untreated cells (X increase over control). Transfection efficiency is 
determined by western blot analysis of HO-1 protein level. Data shown in (A) and (B) 
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3.6.1. C siRNA gene silencing of HO-1 blocked the inhibitory effect of NHE-
1 promoter activity induced by H2O2  
Having shown that 50µM H2O2 induced HO-1 protein expression in L61.1 cells, we 
then asked if there is a correlation between the induction of HO-1 by H2O2 and NHE-1 
gene expression. Therefore, to investigate if HO-1 is involved in the signaling 
pathway for the repression of NHE-1 promoter activity by H2O2, siRNA gene 
silencing of HO-1 in L61.1 cells was performed. Similar to the effect of iron chelation 
by pharmacological approach, silencing of HO-1 prevented the decrease in NHE-1 
promoter activity by 50µM H2O2. There is a 40% rescue of the promoter activity 
repressed by 50µM H2O2 (Figure 59A). These data show that siHO-1 blocked the 
decrease of NHE-1 promoter activity mediated by H2O2, implying that HO-1 
expression was involved in the regulation of NHE-1 gene expression. In addition, 
western blot analysis shows that an increase in HO-1 protein expression correlates 
































Figure 59: Silencing of HO-1 expression reduces the inhibitory effect of NHE-1 
promoter activity by H2O2  
(A) L61.1 cells were transfected with either a control siRNA (siCo) or specific siRNA 
to HO-1 (siHO-1). Forty hours after transfection, cells were exposed to 50M H2O2 
for 24 hours and harvested for luciferase assay thereafter. NHE-1 promoter activity is 
expressed as percent of untreated control (% of control). Transfection efficiency is 
determined by western blot analysis of HO-1 protein level. Data shown are mean of 
two experiments done in duplicate +/- SD. (B) L61.1 cells were treated 50M of H2O2 
after serum-starved in DME/0.5% FBS for 24 hours. Cells were harvested for western 
blot analysis 24 hours after H2O2 treatment. NHE-1 protein detection is described in 
Materials and Methods section 2.2.8. β-actin is used as a loading control. A 
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3.6.2 Activation of p38MAPK pathway is important for the down-regulation of 
NHE-1 promoter activity 
 
Studies show that MAPK signaling pathway plays a role in the regulation HO-1 gene 
expression (Chen and Maines, 2000; Ryter et al., 2002). Experimental findings 
suggest that MAPK members ERK and p38 are involved in NO-mediated induction of 
HO-1 (Chen and Maines, 2000). MAPK is also implicated to regulate HO-1 
expression during hypoxia in vascular cells (Ryter et al., 2002). Moreover, H2O2 has 
been shown to activate MAPKs and PKB/Akt signaling in cells to regulate 
proliferation, migration and death (Blanc et al., 2003).  
As part of the attempt to define which signal transduction pathways might be involved 
in down-regulation of NHE-1 gene activity via HO-1 induction mediated by H2O2, we 
examined the phosphorylation status of the MAPK members ERK and p38 in L61.1 
cells when exposed to 50µM H2O2. Our results show that phosphorylation of 
p38MAPK was seen 2 hours and 4 hours after stimulating with 50µM H2O2. In 
addition, there is an increase of HO-1 protein expression from 4 hours post-H2O2 
exposure (Figure 60). There is no significant different in the phosphorylation status 
of ERK1/2 when cells when triggered with 50µM H2O2 in medium containing 0.5% 




















Figure 60: H2O2 increases the phosphorylation of p38 proteins at 2 and 4 hour in 
L61.1 cells  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. After serum 
deprivation, cells were treated with 50M H2O2 and harvested for western blot 
analysis at the indicated time points. Thirty microgram of protein lysates were used 
for SDS-PAGE and membranes were immunoblotted with antibodies as described in 
materials and method section 2.2.8. β-actin is used as a loading control. A 
representative blot from two independent experiments is shown. 
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Next, we examined the effects of blocking ERK1/2 and p38MAPK pathway on NHE-
1 promoter activity. The effects of MAPK inhibitors on NHE-1 promoter activity 
were examined at 24 hour after 50µM H2O2 treatment. To block ERK1/2, we used the 
MEK1/2 inhibitor, U0126. U0126 was pre-treated with L61.1 cells for 5 hours for 
efficient blocking of ERK phosphorylation by upstream kinase, MEK prior to 
exposure to 50µM H2O2. The duration of treatment was tested and optimized in our 
laboratory previously (Figure 61A). The p38MAPK inhibitor, SB202190 was pre-
incubated with L61.1 cells for 2 hours before the addition of 50µM H2O2. In the 
presence of U0126, the decrease in NHE-1 promoter activity by 50µM H2O2 treatment 
was not affected (Figure 61B). The inhibition of p38MAPK activity was 
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Figure 61: Inhibition of ERK with U0126 does not rescue the decrease of NHE-1 
promoter activity mediated by H2O2 
(A) L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were pre-
incubated in the presence or absence of various concentrations of U0126 as indicated 
for 1 hour or 3 hours prior H2O2 treatment. Cells were harvested at 24 hour for 
western blot analysis. The membrane was immunoblotted with anti-phospho-ERK1/2 
(Thr202/Tyr204) (p-ERK), anti-phospho-p90rsk (Ser380) (p-p90rsk), total ERK and 
total p90rsk. β-actin is used as a loading control. (Figure was taken from Miss Ler Lian 
Dee, Honours thesis with permission) (B) After serum deprivation in DME/0.5% FBS, 
cells were pre-incubated in the presence or absence of 5µM or 10µM U0126 for 5 
hours prior to exposure to 50µM H2O2. Cells were harvested at 24 hour post-treatment 
for luciferase assay. NHE-1 promoter activity is expressed as percent of untreated 
control (% of control). Data shown are mean of two experiments done in duplicate +/- 
SD. (C) After serum deprivation in DME/0.5% FBS, cells were pre-incubated in the 
presence or absence of 5µM U0126 for 5 hours prior to exposure to 50µM H2O2 or 
5ng/ml PDGF (positive control). Cells were harvested at 24 hour post-treatment for 
western blot analysis. The membrane was immunoblotted with anti-phospho-ERK1/2 
(Thr202/Tyr204) (p-ERK), stripped and re-blotted for total ERK as described in 
Materials and Method section 2.2.7. β-actin is used as a loading control. A 
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In contrast, the decrease in NHE-1 promoter activity by H2O2 was significantly 
inhibited in the presence of the p38MAPK inhibitor, SB202190. There was about a 
50% rescue in NHE-1 promoter activity by blocking the activity of p38MAPK with 
10µM of SB202190 (Figure 62A). In subsequent experiments, 10µM of SB202190 is 
used to block p38MAPK activity. The ability of SB202190 to block the activity of 
p38 was shown by western blot analysis (Figure 62B). In the literature, H2O2 has 
been demonstrated to induce an increase of HO-1 expression (Brunt et al., 2006; Min 
et al., 2008), and p38MAPK has also been shown to up-regulate HO-1 expression 




























































Figure 62: Inhibition of p38MAPK rescues H2O2-mediated NHE-1 promoter 
activity down-regulation 
(A) After serum deprivation in DME/0.5% FBS, cells were pre-incubated in the 
presence or absence of 5µM, 10µM or 20µM SB202190 for 2 hours prior exposed to 
50µM H2O2. Cells were harvested at 24 hour post-treatment for luciferase assay. 
NHE-1 promoter activity is expressed as percent of untreated control (% of control). 
Data shown are mean of two experiments done in duplicate +/- SD. (B) After serum 
deprivation in DME/0.5% FBS, cells were pre-incubated in the presence or absence of 
10µM SB202190 for 2 hours prior to exposure to 50µM H2O2 or 150µM H2O2 
(positive control). Cells were harvested at 6 hour post-treatment for western blot 
analysis to detect for HO-1. β-actin is used as a loading control. A representative blot 
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We also investigated the effect of blocking p38MAPK signaling casade on ONOO--
mediated NHE-1 promoter repression. L61.1 cells were incubated with 50µM H2O2 or 
150µM ONOO- in the presence and absence of SB202190. NHE-1 promoter activity 
and HO-1 protein expression were then assessed. Our results demonstrate that 10µM 
SB202190 abolished the repression of NHE-1 promoter activity mediated by both 
H2O2 and ONOO- (Figure 63A). SB202190 also blocked the protein expression of 
HO-1 induced by H2O2 at 6 hour. In contrast, ONOO- did not induce HO-1 protein 














** p-value < 0.05 (compared to 50µM H2O2 treated cells) 



























































Figure 63: Inhibition of p38MAPK rescues NHE-1 promoter activity repression 
by H2O2 and ONOO- 
(A) After serum deprivation in DME/0.5% FBS, cells were pre-incubated in the 
presence or absence of 10µM SB202190 for 2 hours prior exposed to 50µM H2O2 or 
150µM ONOO-. Cells were harvested at 24 hour post-treatment for luciferase assay. 
NHE-1 promoter activity is expressed as percent of untreated control (% of control). 
Data shown are mean of two experiments done in duplicate +/- SD. (B) After serum 
deprivation in DME/0.5% FBS, cells were pre-incubated in the presence or absence of 
10µM SB202190 for 2 hours prior exposed to 50µM H2O2, 150µM H2O2, 300µM 
H2O2 or 150µM ONOO-. Cells were harvested at 6 hour post-treatment for western 
blot analysis to detect for HO-1. β-actin is used as a loading control. A representative 
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To further decipher the effect of p38MAPK activation in the regulation of NHE-1 
gene expression by H2O2, time kinetic analyses of NHE-1 promoter activity and 
activation of caspase 3 were performed in the presence and absence of SB202190. 
Results show that the inhibitory effect of H2O2 on NHE-1 promoter activity was 
abolished from 9 hours post-H2O2 trigger in the presence of SB202190 (Figure 64). 
Blocking the activity of p38MAPK by SB202190 prevented the activation of caspase 
3 from 12 hours after H2O2 treatment (Figure 65). 
Taken together, these preliminary findings suggest that p38MAPK is involved in the 
down-regulation of NHE-1 promoter activity via the activation of caspase 3 when 


































Figure 64: Blocking p38 activity by SB202190 prevents the decrease of NHE-1 
promoter from 9 hours after 50µM H2O2 exposure in time kinetic study  
After serum deprivation in DME/0.5% FBS, cells were pre-incubated in the presence 
or absence of 10µM SB202190 for 2 hours prior to exposure to 50µM H2O2. Cells 
were harvested at the indicated time points for luciferase assay. NHE-1 promoter 
activity is expressed as percent of untreated control (% of control). Data shown are 
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Figure 65: Blocking p38 activity by SB202190 prevents the activation of caspase 
3 induced by H2O2  
After serum deprivation in DME/0.5% FBS, cells were pre-incubated in the presence 
or absence of 10µM SB202190 for 2 hours prior to exposure to 50µM H2O2. Cells 
were harvested at the indicated time points for caspase assay as described in Materials 
and Methods section 2.2.5. Caspase activity was normalized to protein concentration 
and expressed as folds increase over untreated cells (X increase over control). Data 
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3.7 LOCALIZATION OF THE H2O2 RESPONSE ELEMENT 
In contrast to numerous studies on the regulation of the activity of NHE-1, regulation 
at the transcription level of this gene has not been studied in details. However, the 
human NHE-1 gene has been isolated and characterized by Miller et al in 1991 
(Miller et al., 1991), and the mouse NHE-1 gene in 1995 by Dyck et al (Dyck et al., 
1995). The transcription factors, AP-1 and AP-2 have also been shown to be involved 
in the regulation of NHE-1 gene expression in fibroblasts by these two groups. In the 
later year, they demonstrated that a distal AP-2 consensus sequence in the NHE-1 
promoter region is important for the regulation of NHE-1 expression. Gel mobility 
shift assay also indicated that purified AP-2 proteins or AP-2- like proteins from 
nuclear extracts of myocytes can bind to DNA of the NHE-1 protein (Yang et al., 
1996b). In addition, a more recent article demonstrated that oxidation of AP-2 protein 
at Cys222 and Cys243 with H2O2 inhibited its DNA binding activity to synthetic AP-
2 oligonucleotides. Moreover, this inhibition of DNA binding could be restored by 
addition of reducing agents, DTT or BME (Huang and Domann, 1998). Taken 
together, we postulated that AP-2 sequence in the NHE-1 promoter region is 
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3.7.1 An AP-2 binding site found in the NHE-1 promoter region is responsible 
to induce the inhibition of NHE-1 promoter by H2O2 
To explore the molecular basis for H2O2-mediated inhibition of NHE-1 promoter 
activity, wild- type L6 cells were transiently transfected with various 5´ deletion 
constructs of the 1.1kb full length mouse promoter prior to exposure to H2O2. 
Deletion of most of the promoter up to the AP-2 site decreased the promoter activity 
by about 75% (Figure 66A). To confirm the role of the putative AP-2 binding site 
within the NHE-1 promoter, L6 cells were transiently transfected with the −125/−92bp 
fragment (pMP+AP2) or the same fragment with mutation in the putative AP-2 
binding site (pMP(MUT)AP2) or one lacking the AP-2 binding region (pMP-AP2), 
and exposed to H2O2 for 24 hours. Indeed, mutation or removal of the AP-2 binding 
region in the promoter abolished the inhibitory effect of H2O2 (Figure 66A). Deletion 
constructs of the human NHE-1 promoter were also used. Interestingly, a region 
which contains the same AP-2 binding sequence was also found to be involved in the 
inhibition of the promoter activity mediated by H2O2 (Figure 66B). Since all 
truncated promoters containing the putative AP-2 binding region responded to the 
repressive effect of H2O2, the AP-2 binding sequence should be the one that is 
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Figure 66: An AP-2 binding site found in the NHE-1 promoter region is 
responsible to induce the inhibition of NHE-1 promoter by H2O2 
(A) Schematic diagram of the series of 5’ deletion derivatives, and AP-2 mutated 
construct of the mouse NHE-1 promoter. The various constructs were transiently 
transfected into wild type L6 cells. Cells were also co-transfected with Renilla 
plasmid to normalize for transfection efficiency as described in Materials and 
Methods section 2.2.2. Promoter activity was then assessed by luciferase activity in 
the absence and presence of 50M H2O2 at 24 hour. NHE-1 promoter activity is 
expressed as a percentage of untreated control (% of control). The top boxed 
captitalized sequence indicates the region containing the AP-2 binding site within the 
mouse NHE-1 promoter, with the AP-2 consensus sequence in italic bold. The bottom 
boxed bold sequence indicates the mutations made to the AP-2 binding site. Asterisks 
indicate mutated sequences. Data represents the average +/-SD of three experiments 
done in duplicate. The constructs were kindly provided by Dr. Larry Fliegel as 
mentioned in section 2.1.3 (Yang et al., 1996a). (B) Schematic representation of the 
human NHE-1 promoter pUCSS-CAT 5’ deletion mutants. The various constructs 
were transiently transfected into wild type L6 cells. Cells were then incubated in the 
absence and presence of 50uM H2O2 and harvested at 24 hour. Promoter activity 
assessed by CAT ELISA is described in Materials and Methods section 2.2.4 and 
expressed as percent from non-H2O2 treated cells. Boxed capitalized sequence 
indicates the region containing the putative AP-2 binding site within the human NHE-
1 promoter by sequence analysis, with the AP-2 consensus sequence italicized and 
bold. Data represents the average +/-SD of two experiments done in duplicate. The 
CAT constructs were kindly provided by Dr. Alexey Kolyada as mentioned in section 
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To further verify these results, L61.1 cells were transiently transfected with a 
dominant negative AP-2 construct lacking of an N-terminal transactivation domain. 
Expressing AP-2 dominant negative proteins decreased both NHE-1 promoter activity 
and protein expression in L61.1 cells (Figure 67A). Similarly, when the dominant 
negative AP-2 construct was transfected in IMR90 human lung fibroblasts, we also 
observed a decrease of NHE-1 protein expression (Figure 67B). An illustration of 
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Figure 67: Over-expression of a dominant negative AP-2 (AP2) protein 
inhibited NHE-1 gene expression  
(A) L61.1 cells were transiently transfected with and without a dominant negative AP-
2 lacking N-terminal transactivation domain (deleted residues 31-117) as described in 
Materials and Methods section 2.2.2. Promoter activity was then assessed by 
luciferase activity at 24 hour. (B) Transient transfection of various amount of 
dominant negative AP-2 construct as indicated in human fibroblast. NHE-1 protein 
expression is analyzed by western blotting. Fifty microgram of protein lysates were 
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3.8 PHYSIOLOGICAL IMPORTANCE OF NHE-1 GENE REGULATION  
A number of studies have been conducted to determine the physiological roles of 
NHE-1. Some important roles of NHE-1 that are related to our present study include: 
the involvement of NHE-1 in cell-cycle progression for cell growth and proliferation 
(Putney and Barber, 2003), as well as creating of an alkaline environment for cell 
transformation. This alkaline intracellular pH eventually generates a 
microenvironment to maintain tumor cells survival and growth (Cardone et al., 2005b; 
Reshkin et al., 2000b).  
 
3.8.1 Effect of mild oxidative stress on NHE-1: The regulation of intracellular 
pH and cell cycle 
We have earlier showed in figure 8 that both NHE-1 promoter activity and protein 
expression can be sustained for more than 24 hours following the exposure of L61.1 
cells to H2O2 treatment without the loss of cell viability in cells maintained in medium 
with 0.5% serum. The results from these experiments suggested that the cells may be 
transiently undergoing growth arrest. Many reports have shown that H2O2 induces cell 
growth arrest (Chien et al., 2000; Kameshwar-Rao et al., 1999). In 2003, Putney and 
Barber have demonstrated the importance of NHE-1 activity for cells to transit from 
from S phase to G2/M phase (Putney and Barber, 2003). In agreement with their 
research, we conducted preliminary studies to examine and understand the long-term 
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3.8.1. A NHE-1 and intracellular pH  
The inhibitory effect of 50µM H2O2 on pHi and the activity of NHE-1 in L61.1 cells 
at 24 hour and 48 hour post-treatments were examined.  The intracellular acid loading 
method was use to assess the activity of NHE-1. Following exposure of L61.1 cells 
with 50µM H2O2 for 24 hours or 48 hours, cells were loaded with the pH-sensitive 
dye, BCECF in fresh phenol-free medium without serum at the start of the assay. 
Following the incubation with BCECF, the cells were released in bicarbonate-free 
HEPES buffer and an acid-load was performed by exposing L61.1 cells to 30mM 
ammonium chloride (NH4Cl). During an exposure to NH4+, the intracellular pH (pHi) 
first rises rapidly (due to the influx of ammonia, NH3) and then slowly declines (due 
to the passive influx of NH4+). When the extracellular NH4+ is removed during the 
incubation of cells in sodium (Na+)-free HEPES buffer, pHi falls to a level less than 
the initial resulting in an undershoot reflecting on the graph (Roos and Boron, 1981). 
HEPES buffer containing Na+ was then added to activate the exchanger to extrude out 
the excess protons. The rate of recovery (ΔpH/ Δtime) of the exchanger can then be 
estimated by evaluating the derivative of the slope of the time-dependent pHi recovery 
at the initial time intervals. Since we are doing a qualitative analysis of the set-point 
pH by comparing between treatments, intrinsic buffering capacity was not determined.  
The set-point pH, is defined as the pHi value below which NHE-1 becomes activated 
(Cardone et al., 2005b). In the presence of 50µM H2O2, there was a slight increase in 
the rate of recovery at 24 hour but the set-point pH was decreased with 50µM H2O2 
(Figure 68A and 68C). There was no noticeable difference in the rate of recovery 
between treatment with and without H2O2 at 48 hour (Figure 68B and 68C). 
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Consistent with the results at 24 hour, 50µM H2O2 also decreased the set-point pH at 





































































Figure 68: H2O2 at 50µM decreases NHE-1 set-point pH but not the rate of H+ 
extrusion  
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Cells were exposed 
to 50M of H2O2 for (A) 24 hours or (B) 48 hours. Cells were collected and assessed 
for intracellular pH (pHi) and NHE activity as described in Materials and Methods 
section 2.2.11. Set-point is the pHi value which NHE-1 becomes activated (Cardone 
et al., 2005b). (C) pHi values collected from the experiments. ΔpH/ Δtime represent 
the rate of recovery of the exchanger in the first 3 minutes after NHE recovers from 




L61.1/ 24h initial pH set point pH ΔpH/ Δtime
0.5%FBS 7.31 6.67 0.065
50µM H2O2 6.7 6.41 0.082
L61.1/ 48h initial pH set point pH ΔpH/ Δtime
0.5%FBS 7.24 6.50 0.043
50µM H2O2 6.37 6.19 0.045
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On re-examining what we have found in the study of NHE-1 gene repression, we 
questioned whether caspases could be involved in the regulation of NHE-1 activity 
that in turn regulates the cell cycle progression. Addition of pan-caspase inhibitor, z-
VAD-fmk prevented the decrease of the initial intracellular pH and set-point pH 
induced by 50µM H2O2 at 24 hour (Figure 69A and 69C). At 48 hours, z-VAD-fmk 
blocked the decrease of set-point pH induced by 50µM H2O2 by 0.5 pH units. Also, 
inhibiting the activation of caspases increased the rate of recovery of the exchanger at 
48 hour (Figure 69B and 69D).  
 
3.8.1. B NHE-1 and cell cycle   
We next analyzed the DNA content in asynchronous L61.1 and NIH3T3 cells. Our 
data indicated that there was a dose-dependent growth arrest in the G2/M phase of the 










































































































Figure 69: Pan-caspases inhibitor z-VAD prevents the drop of set-point pH 
induced by 50µM H2O2 
L61.1 cells were serum-starved in DME/0.5% FBS for 24 hours. Following, cells 
were re-incubated in the presence and absence of 100µM z-VAD-fmk (z-VAD) 
before the exposure to 50M of H2O2 for (A) 24 hours or (B) 48 hours. Cells were 
collected and assessed for intracellular pH (pHi) and NHE activity as described in 
Materials and Methods section 2.2.11. Set-point is the pHi value which NHE-1 
becomes activated (Cardone et al., 2005b). The pHi values collected from the 
experiments at (C) 24 hour or (D) 48 hour time point are shown. ΔpH/ Δtime 
represent the rate of recovery of the exchanger in the first 3 minutes after NHE 
recovers from the acid load. Data shown are mean of two experiments done in 
duplicate +/- SD. 
L61.1/ 24h initial pH
set point 
pH ΔpH/ Δtime
0.5%FBS 7.31 6.67 0.065
50µM H2O2 6.70 6.41 0.082
0.5%FBS
+zVAD 7.22 6.69 0.041
50µM H2O2
+zVAD 6.78 6.48 0.066
L61.1/ 48h initial pH
set point 
pH ΔpH/ Δtime
0.5%FBS 7.24 6.50 0.043
50µM H2O2 6.37 6.19 0.045
0.5%FBS
+zVAD 6.90 6.57 0.033
50µM H2O2
+zVAD 6.38 6.69 0.051




















Figure 70: Percentage of cells in G2/M arrest at indicated bolus addition of H2O2 
(A) L61.1 cells or (B) NIH3T3 mouse cells were serum-starved in DME/0.5% FBS 
for 24 hours. Cells were incubated with the indicated doses of H2O2 for 24 hours 
before harvested. Single cell suspensions of cells were prepared, stained with 
propidium iodide and analyzed by FACS as described in the Materials and Methods 
section 2.2.7 to quantify the percent of cells with DNA content corresponding to the 
G2/M phase of the cell cycle. % cells were calculated by the percentage of cells in 
G2/M phase to the total cells’ population. Data represents the average +/-SD of one 
experiment done in duplicate. 
50μMmedium 25μM 100μM
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CHAPTER 4: DISCUSSION 
Traditionally, reactive oxygen species (ROS) are considered as lethal to the cells, 
however it is now accepted that ROS play important roles in normal physiology and 
regulation of signaling pathway (Pervaiz and Clement, 2007). Over the years, findings 
from our group have established that regulation of tumor cell response to apoptosis 
can be linked to the balance between the amount of intracellular O2•- and H2O2 
(Clement et al., 1998; Clement and Stamenkovic, 1996).  
In this study, we investigated the mechanisms through which oxidative stress induced 
by non-toxic concentrations of H2O2 regulate the ubiquitously expressed Na+/H+ 
exchanger isoform 1, NHE-1 gene expression. Our data support a bi-phasic signaling 
response to an initial exposure to H2O2 involving an early oxidation-dependent phase 
followed by a late phase that is caspase-dependent. A sustained repression of NHE-1 
promoter activity and gene expression is achieved, and this is dependent on the 
presence of iron as well as the intracellular production of ROS and ONOO- in the late 
phase at around fourteen hours. Iron plays an important role in this mechanism. It is 
important for the production of ONOO- detected at around fourteen hour and also 
required for the activation of caspases 3 and 6. Our data support the hypothesis that 
the iron required could be from both extracellular and intracellular sources. We 
provide evidence that HO-1 could be one of the intracellular sources. Gene silencing 
of HO-1 reduces the decrease of NHE-1 promoter activity mediated by H2O2.  The 
p38MAPK signaling cascade also participates in the repression of NHE-1 promoter 
activity, and we speculate that the activation of HO-1 induced by H2O2 is dependent 
on p38MAPK activation. 
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4.1 NHE-1 GENE EXPRESSION IS REDOX-REGULATED 
Recent report from our group demonstrated that NHE-1 is a redox-regulated gene 
(Akram et al., 2006b). In this report, we showed that an increase in intracellular O2•- 
anion using both pharmacological and molecular approaches induces NHE-1 gene 
promoter activity, and increases NHE-1 protein expression. These results correlate 
with the resistance of cells to apoptotic stimuli. In contrast, exposure of cells to 
exogenous H2O2 suppressed NHE-1 promoter activity and gene expression, and 
increased cell sensitivity to death triggers.  
 
4.1.1 Down-regulation of NHE-1 gene expression by H2O2 
In the present study, we provide more evidence to show that H2O2 is a signaling 
molecule that induces repression of NHE-1 gene transcription leading to a decrease in 
NHE-1 protein expression. Pre-treatment of cells with exogenous catalase and DMTU, 
a H2O2 scavenger as well as over-expression of endogenous catalase inhibited the 
effect of H2O2 on NHE-1 promoter activity.  
NHE-1 is not the only gene that can be regulated by H2O2. The human cytochrome 
P450 1A1 (CYP1A1) is shown to be down-regulated at the transcriptional level by 
oxidative stress induced by H2O2 and glutathione depletion in human HepG2 or rat 
H4 hepatoma cells (Morel and Barouki, 1998). Another recent article has 
demonstrated that H2O2 inhibits transcriptional initiation potential of the cells during 
DNA damage by affecting transcription of RNA polymerase II (RNAPII). Treatment 
of Hela cells with 0.3mM to 10mM H2O2 elicits a very rapid repression of 
transcription (Heine et al., 2008).  
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On the other hand, NHE-1 expression has been shown to increase when isolated rat 
hearts were perfused with 100µM H2O2 for 30 minutes in a ischemic heart disease 
study (Gan et al., 1999). The difference in results may be due to the different model 
and protocol used in the experiments. Our results obtained using H9c2 
cardiomyocytes, and other human cell lines decrease NHE-1 gene or protein 
expression at 24 hour with non-toxic doses of H2O2. This is similar to the findings we 
obtained with L61.1 cells. Another possibility for this difference could be the different 
sets of transcription factors involved in a rapid response to a higher dose of H2O2 
compared to our study where a lower concentration of H2O2 was used. We have also 
demonstrated in this study that the concentration of H2O2 used will eventually dictate 
the cell responses. Selecting a right dose of H2O2 is always crucial at the start of the 
experiment for a particular cell line used in the study.  
 
4.1.2 Thiol oxidation of an AP-2 or AP-2-like transcription factor could be 
responsible for the initial inhibition of NHE-1 gene expression mediated by H2O2 
H2O2 is part of normal cell signaling involved in the regulation of cellular metabolism, 
gene expression and repression, as well as apoptosis (Forman, 2007b). In contrast, 
cellular antioxidants act as reducing agents and protect the cell from damage induced 
by high level of oxidative stress. An example is glutathione, GSH.  With the help of 
various GSH peroxidises, GSH functions as a major thiol antioxidant to detoxify 
peroxides (Fratelli et al., 2005). Experimentally, thiol antioxidants, including GSH 
and NAC, as well as chemical reducing agents, DTT and βME have been used to 
investigate the role of ROS in biological systems. In the present report, pre-treatment 
of cells with reducing agents DTT, βME, NAC and GSH prevented the inhibition of 
NHE-1 promoter activity by H2O2. In addition, our results demonstrate the presence 
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of an early oxidation phase in the regulation of NHE-1 gene activity mediated by 
H2O2. Down-regulation of NHE-1 expression can be reversed when reducing agents 
were added before H2O2 treatment or maximally 5 hours after H2O2 exposure.  
There are several signaling mechanisms that could account for the effect of initial but 
reversible H2O2-mediated repression of NHE-1 promoter activity. Oxidative cellular 
environment can induce the activation of kinases and phosphatases cascade leading to 
modification of phosphorylation status of cellular proteins such as transcription 
factors. Coronella-Wood et al have demonstrated that c-Fos protein, a component of 
the AP-1 transcription factor was transiently induced by H2O2 in cardiomyoctes. 
Treatment of immunoprecipitated c-Fos protein with the type 2 serine/threonine 
phosphatase A (PP2A) and immunoblotting of c-Fos protein with antibodies against 
phosphorylated serine or threonine indicate that c-Fos was phosphorylated at serine 
residues (Barchowsky et al., 1995; Coronella-Wood et al., 2004).  
Besides modifying the phosphorylation status, H2O2 is shown to oxidize redox-
sensitive residues directly on transcription factors. Jacquier-Sarlin and Polla 
demonstrated that H2O2 and diamide alter the DNA-binding activity of heat-shock 
transcription factor (HSF) most likely by oxidizing critical cysteine residues within 
the DNA-binding domain. The effects of H2O2 were abolished by thioredoxin and 
DTT in vitro (Jacquier-Sarlin and Polla, 1996). Indeed, our experimental data with 
thiol-oxidizing agent, diamide mimicked the effect of H2O2 suggesting that the early 
inhibition of NHE-1 promoter activity could involve the oxidation of thiol moiety of 
cysteine that may be present in the transcription factors necessary for NHE-1 
expression.  
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In this study, we also try to localize the response element to H2O2 in NHE-1 promoter, 
and our preliminary results are presented in chapter 3.7. Analysis of the promoter 
region involved in the repression of NHE-1 promoter activity by H2O2 revealed that in 
the mouse as well as in the human promoter, the presence of a region with an AP-2 
binding site was needed for the inhibition. This result is similar to earlier findings by 
Yang et al (Yang et al., 1996b). The AP-2 transcription factor family consists of five 
different proteins in humans and mice: AP-2α, AP-2β, AP-2γ, AP-2δ and AP-2ε 
(Eckert et al., 2005). These transcription factors have been shown to play important 
roles in development and mammary oncogenesis (Williamson et al., 1996). It has been 
shown that oxidation of recombinant AP-2α protein with H2O2 inhibit its DNA-
binding activity to synthetic AP-2 oligonucleotides and this observation can be 
reverted by the addition of reducing agents (Huang and Domann, 1998). Consistent 
with their study, our results also suggested that thiol oxidation of an AP-2 or an AP-2 
like transcription factor could be responsible for the initial inhibition of NHE-1 gene 
expression upon treating with H2O2.  
It is plausible that in addition to being sensitive to oxidation, the transcription factors 
of NHE-1 are substrates of caspases 3 and/or 6. Members of the AP-2 transcription 
factors which have been shown to be involved in the basal expression of NHE-1 are 
also found to be substrates of caspase 3 and 6 as well (Nyormoi et al., 2001; 
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4.2 ROLE OF CASPASES 3 AND 6 IN THE INHIBITION OF NHE-1 
EXPRESSION BY MILD OXIDATIVE STRESS  
 
Caspases belong to the family of cysteine proteases present as inactive precursors in 
cells. It stands for cysteinyl aspartate-specific proteinase (Alnemri et al., 1996). When 
first identified, caspases are implicated in an important role during programmed cell 
death. The pro-caspases are cleaved at Asp-X sites, generating a large and small 
subunit, which together make up the active proteases. To date, there were 11 genes in 
the human genome identified to encode for 11 human caspases, caspases 1-10, and 
caspase 14. On the other hand, only 10 genes were identified in the mouse genome to 
code for 10 murine caspases, namely caspase 1, 2, 3, 6, 7, 8, 9, 11, 12 and 14 (Li and 
Yuan, 2008). Interestingly, the human caspase 10 is not found in the mouse genome. 
“Apoptosis” is a term first used by Kerr, Wyllie and Currie in 1972 to describe a 
mode of cell death associated with fragmentation of the genomic DNA (Kerr et al., 
1972). The role of caspases in this programmed cell death is well-established. There 
are two main pathways of caspases activation that result in an apoptotic cell death, 
namely, the extrinsic pathway and intrinsic pathway (Launay et al., 2005; Li and 
Yuan, 2008). The activation of caspases by these two pathways is summarized in the 























Figure 71: Caspase activation pathways: The extrinsic (death receptor-mediated) 
and intrinsic ways to activate caspases during apoptosis 
Death receptor signaling may involve direct caspases 8-mediated caspases 3 
activation or a Bid-cleavage-dependent mitochondrial amplification step. In the 
intrinsic pathway, diverse stimuli such as DNA damage and oxidative stress activate 
BH3-only proteins, which promote the assembly of BAK–BAX oligomers and the 
mitochondria outer membrane permeability change. Cytochrome c releases into 
cytosol and seeds apoptosome assembly. Active caspase-9 then propagates a 
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On the contrary to what we observed when pre-incubating L61.1 cells with reducing 
agent, when the reducing agent βME was added 7 hours after H2O2 treatment, down-
regulation of NHE-1 promoter activity could not be reversed. If the effect of H2O2 on 
NHE-1 expression is solely due to redox modifications of the transcription factors as 
described by Huang and Domann (Huang and Domann, 1998), inhibition of NHE-1 
promoter activity by H2O2 should be reversible at all times whenever a reducing agent 
is added. However, our results show that addition of βME seven hours after cells 
exposure to H2O2 did not increase the inhibition of NHE-1 promoter activity. 
In recent years, emerging evidence has demonstrated the non-apoptotic functions of 
caspases (chapter 1.4.3). Caspase-dependent cleavage of transcription factors such as 
GATA-1 and SP-1 has also been described. Degradation of SP-1 is seen during early 
stages of apoptosis and cleavage of GATA-1 is observed during tissue hypoxia which 
eventually affects erythroid expansion and differentiation (De Maria et al., 1999; 
Piedrafita and Pfahl, 1997). Moreover, it was reported that erythropoiesis blockade 
following erythropoietin (Epo) deprivation was largely prevented by the expression of 
caspase-inhibitory proteins or caspase-resistant GATA-1 in erythroid progenitors (De 
Maria et al., 1999). This implies that GATA-1 is cleaved by caspases in erythroid 
cells undergoing Epo deprivation. 
Histone acetylation and deacetylation are important epigenetic mechanisms that 
control gene expression. Histone acetyltransferases (HAT) and deacetylases (HDAC) 
are, respectively, the enzymes responsible for the addition and removal of acetyl 
groups from lysine residues on the histone N-terminal tails (Verdone et al., 2005). 
Therefore, HAT promotes gene expression whereas HDAC condenses the chromatin 
and represses transcription. Classical HDACs are described to be promising anti-
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cancer drug targets (Witt et al., 2009). Recently, the initiator caspase 8 is found to 
cleave transcription factor histone deacetylase 7 (HDAC7) and promote its gene 
transcription (Scott et al., 2008). The human HDAC7, like HDAC4 and HDAC8 
belong to the family of zinc ion-dependent HDACs (Ficner, 2009). The most common 
function of HDAC7 is its ability to bind and repress members of the myocyte-specific 
enhancer-binding factor 2 (MEF2) transcription factor family (Kao et al., 2001; Scott 
et al., 2008), which participate in numerous developmental processes such as muscle 
differentiation (Dressel et al., 2001; Margariti et al., 2009), and T-cell apoptosis 
(Verdin et al., 2004). The rapid and specific cleavage of HDAC7 by caspase-8 in cells 
suggests a role of caspase in regulating the transcription of HDAC7-regulated genes 
apart from inducing cell apoptosis. 
Though emerging findings on the non-death roles of caspases have been described, 
how caspases function in the different physiological processes without inducing cell 
death is still poorly understood. The non-lethal roles of caspases implicate a selective 
cleavage of substrates by caspases to avoid cell dismantle. Various mechanisms have 
























Figure 72: Regulation of cell progression, differentiation, activation and 
cytoprotection by caspases requires the restricted cleavage of specific target 
proteins 
This restricted cleavage may be governed either by post-translational modifications of 
caspases, adapter molecules involved in their activation and their substrates, for 
example, by phosphorylation, or by specific subcellular compartmentalization of 
caspases or by protection of potential target proteins by scaffold proteins or by the 
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Our present studies show a new role for caspases 3 and 6 that is to sustain the 
repression of protein expression upon mild oxidative stress in the absence of cell 
death. Without the activation of caspases 3 and 6, a mild oxidative stress induced by 
H2O2 simulates a transient and reversible inhibition of the NHE-1 promoter activity 
that is not sufficient to affect the protein levels. However, with the activation of 
caspases, in particular caspase 3, inhibition of NHE-1 gene and protein expression 
initiated by a mild oxidative stress is maintained. This is most likely due to the 
cleavage of transcription factor/s responsible for NHE-1 gene expression by caspases 
3 and/or 6. In this regards, nuclear receptor peroxisome proliferator-activated receptor 
γ (PPARγ) has recently been reported to be a substrate of caspase 3 and caspase 6 
during tumor necrosis factor α (TNFα) receptor signaling in adipocytes (Guilherme et 
al., 2009b). PPARγ is a ligand-dependent transcription factor belonging to the nuclear 
hormone receptor superfamily. Human PPARγ plays an important physiological role 
as a central transcriptional regulator of both adipogenic and lipogenic programs (Ye, 
2008; Zieleniak et al., 2008). On the other hand, inflammatory cytokine TNFα is 
known to be a potent negative regulator of PPARγ function (Zhang et al., 1996). This 
inhibition occurs via the activation of serine kinases such as IkappaB kinase (IKK) as 
studies show that the activity of TNF-α is completely blocked by inactivation of IKK 
or its downstream event (Wang et al., 2001; Ye, 2008). Upon stimulation by TNFα, 
initiator caspase 8 is activated in the cytosol and this leads to activation of caspases 3 
and 6 in 3T3-L1 adipocyte. The activated caspases 3 and 6 translocate into the nucleus 
where they directly target PPARγ for cleavage. The consequent PPARγ cleavage 
disrupts its nuclear localization as these cleaved transcription factor proteins are later 
translocated to the cytoplasm and degraded via a proteasome-mediated process, thus 
down-regulating PPARγ functions (Guilherme et al., 2009b). These observations 
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support our findings on the role of caspase 3 and 6.  Our present work adds to an 
emerging picture of non-apoptotic roles of caspases in the area of regulating 
transcription factors for important genes involved in cell proliferation and death.  
A model highlighting the role of caspases 3 and 6 in the oxidative repression of NHE-
















Figure 73: Proposed model of the mechanism involved in the inhibition of NHE-1 
gene expression by H2O2  
H2O2 could lead to a rapid oxidation of the transcription factor involved in NHE-1 
expression followed by a caspase 3/6-dependent cleavage and a sustained down-
regulation of NHE-1 gene expression.  
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4.3  IRON AND THE ACTIVATION OF CASPASES 3 AND 6 BY MILD 
OXIDATIVE STRESS 
 
Iron is essential for many biochemical and cellular process. It is an important 
component of the heme in hemoglobin, myoglobin, and cytochromes and is also an 
essential cofactor for non-heme enzymes (Zhang and Enns, 2009). However, iron can 
be potentially damaging to the cell when the amount is in excess. As a transition metal, 
iron has loosely bound electrons in its outer shell therefore has the ability to accept 
and donate electrons readily. As a result, iron catalyzes the production of reactive 
oxygen species (ROS) via Fenton reactions (Halliwell and Gutteridge, 1999; 
Toyokuni, 1996). This leads to an increased oxidative stress, oncogene activation, and 
oxidative damage such as DNA single and double strand breaks as well as lipid 
peroxidation of biological membranes (Emerit et al., 2001; Galaris et al., 2008; 
McCord, 1998; Yamaguchi et al., 2008). On the other hand, oxidative stress increases 
the level of potentially catalytic metals like iron. O2•- and ONOO- can release iron 
from iron-sulfur proteins, whereas H2O2 can release iron by degrading heme proteins 
(Halliwell and Gutteridge, 1999). In mammalian cells, control mechanisms are 
developed to maintain iron homeostasis by coordinately regulating iron absorption, 
iron recycling, and mobilization of stored iron (Kruszewski, 2004; Zhang and Enns, 
2009). Most cellular iron is bound to proteins and not bioavailable, thus is unable to 
induce adverse cytotoxic effects (Huang, 2003; Maguire et al., 1982).  
4.3.1 Iron is required for the activation of caspases 3 and 6 by non-toxic doses 
of H2O2 
Our results showed that pre-treatment of L61.1 cells before H2O2 exposure to 
reducing agents βME and DTT prevent both the early inhibition of NHE-1 promoter 
activity as well as the caspase-mediated down-regulation of the promoter activity in 
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the late phase. These observations suggest that the oxidative signal involved in the 
rapid inhibition of NHE-1 promoter activity is also operative in the induction of 
caspases 3 and 6 activities following H2O2 stimulus.  
Numerous studies suggest that oxidative stress induced by H2O2 results in the 
activation of caspases and eventually leading to cell apoptosis (Aouad et al., 2004; 
Simon et al., 2000). It has also been shown that ROS in general activate caspase 9 and 
induced apoptosis via the intrinsic pathway of caspases activation (Ozben, 2007), and 
effector caspases is usually considered as critical common elements of the lethal 
mechanism. However, cells’ response and physiological outcome as whether the cells 
is fated to proliferate, senesce, transform or die really depends on the concentration of 
ROS present in the cells. As mentioned earlier, death is no longer the only outcome 
when caspases are activated (Li and Yuan, 2008).  
Our data are intriguing given that the concentrations of H2O2 used in our study did not 
affect the cell viability and yet triggered a caspase-dependent repression of NHE-1 
promoter activity independent of initiator caspases 8 and 9. The concentrations of 
H2O2 used in our study did not activate caspases 8 and 9 and specific inhibitors of 
these two caspases failed to rescue the inhibitory effect of NHE-1 promoter activity 
induced by H2O2. Instead, our results demonstrated that activation of caspases 3 and 6 
is dependent on the presence of iron. The iron chelator, desferrioxamine (DFO) 
chelates both extracellular and intracellular ferric ions (Fe3+) (Cinatl et al., 1996; 
Halliwell, 1982; Hoffbrand and Wonke, 1997; Lin and Girotti, 1993) while 
phenanthroline chelates most of the intracellular ferrous ions (Fe2+) present (Gelain 
and Moreira, 2008; Sugio et al., 1987). In the presence of iron chelators DFO and 
PHEN, activation of caspases 3 and 6 by H2O2 are prevented. However, it is surprising 
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that chelating of iron did not prevent the initial decrease of NHE-1 promoter activity 
in the early phase of our model. Instead, chelating of iron allowed NHE-1 promoter 
activity to recover to its initial level within 24 hours of exposure to H2O2 in the late 
phase. This effect is similar to the results obtained when caspase 3 or 6 is inhibited.  
Furthermore, the effect of direct addition of FeCl3 on NHE-1 promoter activity and 
protein expression provide further evidence to support the role of iron in the caspase-
dependent NHE-1 gene down-regulation mechanism. Molecularly, gene silencing of 
caspases 3 and 6 by their specific siRNAs abolished the inhibitory effects of NHE-1 
promoter activity induced by exogenously added iron. Therefore our findings 
demonstrate an initial uptake of H2O2 into the cells starts both a direct, albeit 
reversible, oxidation-dependent signal as well as a response mediated by iron-
dependent activation of caspases 3 and 6.  
 
4.3.2 Activation of HO-1: A possible mechanism involved in the increase of 
labile iron pool (LIP) 
Labile iron pool (LIP) is a pool of redox-active iron, or "free" iron that is loosely 
bound with ligands at low affinity (Galaris et al., 2008; Prus and Fibach, 2008). 
Cells maintain a balance level of intracellular iron such that it is enough for supplying 
adequate iron for physiologic functions but also controlling free iron that could induce 
the production of ROS and cause an oxidative damage (Kruszewski, 2003). 
In this study, we demonstrated that iron plays a role in the activation of caspases 3 
and 6 to repress NHE-1 gene expression when the cell is challenged with H2O2. 
Unlike most reports that describe the relationship of iron and H2O2 with toxicity 
(Nakagawa et al., 2004; Thomas et al., 2009), our data show that the involvement of 
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iron in caspase-dependent NHE-1 gene down-regulation pathway is independent of 
cell death. These results suggest that the level of iron or labile iron that participates in 
the decrease of NHE-1 expression is below the threshold of cell toxicity. 
Our results showed that treatment of L61.1 cells with H2O2 induced an increase of 
HO-1 protein expression, and siRNA gene silencing of HO-1 blocked the decrease of 
NHE-1 promoter activity mediated by H2O2 suggesting that HO-1 expression may be 
associated with NHE-1 gene expression. HO-1 is an antioxidant defense enzyme that 
converts heme to biliverdin, iron, and carbon monoxide (Matsuoka et al., 1999). 
Generally, HO-1 is related with its broad effects in protection against a large spectrum 
of diseases and in restoring homeostasis (Soares and Bach, 2009). Pre-treatment of a 
naturally occurring compound, curcumin protects retina-derived cell lines from H2O2-
induced cell death by the up-regulation of HO-1 (Mandal et al., 2009). Chronic 
ischemia has also been shown to induce endogenous HO-1 expression in order to 
protect tissue from necrosis in mice (Harder et al., 2008). Nevertheless, it has also 
been reported that dietary polyphenols, curcumin and epigallocatechin-3-gallate 
(EGCG) despite up-regulated HO-1 expression, did not protect MDA-MB-468 breast 
cancer cells or B-lymphoblasts from apoptosis (Andreadi et al., 2006). Moreover, 
HO-1 expression is found to be up-regulated in brains of patients with Alzheimer 
disease and Parkinson disease. This resulted in an accumulation of iron in the 
astroglial mitochondria and induced an oxidative stress that promotes cytopathology 
in these patients (Zukor et al., 2009). Therefore, HO-1 expression can be a double-
edged sword. Whether to exhibit its cyto-protection or cyto-toxicity property depends 
on the level of expression and activity, and perhaps which cellular compartment HO-1 
is found.  
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In our context, we are interested to find out the LIP that is sufficient to initiate the 
signaling pathway and yet did not affect the cell viability. The degradation of heme 
molecules mediated by the enzyme HO-1 could generate the free iron required to 
activate caspases 3 and/or 6. This amount of iron generated may be transient such that 
it is enough to activate caspases 3 and/or 6 but is insufficient to cause cell toxicity. 
Biliverdin and bilirubin are produced during heme degradation-HO-1 reaction. These 
potent antioxidants generated in the late phase could also contribute to the protection 
of L61.1 cells against the mild oxidative stress condition. Recently, it is reported that 
high doses of simvastatin induced HO-1 expression leading to ROS production in 
neuronal cell lines (Hsieh et al., 2008a). Inhibition of HO-1 expression or chelation of 
cellular iron with DFO significantly reduced the formation of ROS (Hsieh et al., 
2008a). This finding supports that induction of HO-1 expression in L61.1 cells 
stimulates the production of ONOO- that is detected fourteen hours after exposure of 
L61.1 cells to H2O2 and the quantity of ROS/ONOO- produced could be dependent on 
the amount of labile iron present.  
Our data also showed that siHO-1 does not inhibit NHE-1 promoter activity 
completely. This suggests that HO-1 is only one of the ways that supply the iron 
required to down-regulate NHE-1 gene expression. We therefore speculate that there 
are other ways whereby iron can be generated or come from.  
It was reported that H2O2 leads to a rapid activation of the iron-regulatory protein, 
IRP1 that results in the increase of transferrin (TfR) mRNA levels and stimulate a 
transferrin-mediated iron uptake into the cells (Caltagirone et al., 2001). TfR plays a 
major role in cellular iron uptake through binding and internalizing a carrier protein 
transferrin (Tf) (Kawabata et al., 1999; Park et al., 1995). Figure 74 shows a 
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simplified pathway of how iron is transported by TfR into the cell by endocytosis. 
Perhaps, H2O2 activates the transferrin trafficking mechanism by increasing the 
amount of TfR recruited to the cell plasma membrane from the pool of internalized 













Figure 74: Classical endocytosis pathway of transferrin-receptor (TfR)  
Transferrin (Tf) binds two Fe3+ atoms per molecule. The iron-loaded Tf is 
subsequently bound by TfR and the Tf/TfR complex is internalized via clathrin-coated 
pits. The iron is released from Tf in the acidic endosomal environment and Tf/TfR is 
recycled back to the plasma membrane. Iron-free Tf is then released from TfR to 
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All mammalian cells produce the iron-storage protein ferritin to sequester iron in 
order to limit and control the amount of excess iron present in a cell (Topham et al., 
1989). Therefore another possibility could be H2O2 interferes with ferritin 
sequestration of iron to release the LIP required for caspases activation. Ferritin 
expression has been shown to be modulated by H2O2 and heme (Balla et al., 1992; 
Caltagirone et al., 2001). Perhaps, H2O2 decreases ferritin’s binding capacity of iron 
leading to a transient increase of iron available for the activation of caspases 3 and/or 
6. Ferroportin is a newly discovered molecule cloned in recent years that plays a role 
in iron export (Abboud and Haile, 2000; Donovan et al., 2000; McKie et al., 2000). 
We speculate that H2O2 could also affect the export of iron from the cells by 
interfering with ferroportin’s transport ability (Donovan et al., 2000; Moos and 
Rosengren Nielsen, 2006).  
Recently, it is reported that lysosomal iron content and lactoferrin were required for 
caspases 3 activation during benzo[α]pyrene-induced cell death in rat hepatic 
epithelial F258 cells (Gorria et al., 2008). From this finding, it suggests another 
possible source of iron that can be available for the activation of caspase 3 in our 
model. Gorria et al demonstrated that activation of caspases 3 can occur 
independently of initiator caspases but dependent on the lysosomal iron-binding 
protease, lactoferrin when cells were exposed to carcinogens (Gorria et al., 2008; 
Holme et al., 2007b). These results support our findings on caspases 3 activation in 
the absence of the activity of initiator caspases but in the presence of iron. 
HO-1 is also found in the nucleus. Hypoxia and/or heme have been shown to induce 
HO-1 nuclear entry. It was speculated that this nuclear localization of HO-1 is 
important to provide cytoprotection against oxidative stress (Lin et al., 2007). Another 
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report suggests that modulation of HO-1 expression may be involved in the process of 
prostate carcinogenesis and prostate cancer progression (Sacca et al., 2007). Our data 
also showed the presence of HO-1 as well as caspases 3 in the nucleus of L61.1 cells. 
We speculate that iron could be produced in the nucleus by HO-1 to activate a 
suspected pool of pre-existing caspases 3 in the nuclear compartment to facilitate 
NHE-1 gene repression during mild oxidative stress. Alternatively, iron can also be 
transported into the nucleus from the cytoplasm as ferritin has been shown to be 
present in the nuclear membrane of some cells (Cai et al., 2008; Surguladze et al., 
2005). Therefore, H2O2 could regulate nuclear ferritin to facilitate iron translocation 
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4.4 INTRACELLULAR PRODUCTION OF ROS/ONOO- AT THE LATE 
PHASE IS CRUCIAL FOR A SUSTAINED REPRESSION OF NHE-1 GENE 
EXPRESSION  
 
Our data on DCF and DAF fluorescence assessments provide evidence that ONOO- is 
generated in the early as well as late phase and down-regulate NHE-1 promoter 
activity by an initial H2O2 stimulus in L61.1 cells. Likewise, treatment of cells with 
aqueous ONOO- or drugs such as SIN-1 that make intracellular ONOO- also resulted 
in a decrease in NHE-1 promoter activity in L61.1 cells. The effect of ONOO- on cells 
is again dependent on the concentration the cells were exposed to. At low 
concentrations (10-200µM), ONOO- exhibits a transient and reversible nature in 
signal transduction processes (Mallozzi et al., 1997). At these lower concentrations, 
ONOO- has been shown to promote tyrosine phosphorylation in different cell types 
(Di Stasi et al., 1999; Maccaglia et al., 2003). For example, ONOO- induced tyrosine 
phosphorylation of the serine/threonine protein phosphatase 1alpha (PP1α) in human 
erythrocytes through the activation of src family kinases (Mallozzi et al., 2005). On 
the other hand, higher concentrations (200µM-1mM) of ONOO- induced nitration of 
the tyrosine residue and blocked its phosphorylation (Mallozzi et al., 1997). 
In the present study, we showed that ONOO- decomposition catalyst, FeTPPS 
prevented the H2O2-mediated inhibition of NHE-1 promoter activity from the 
beginning of the time kinetic studies, and this indicates presence of ONOO- at the 
early hours. This could be due to the reaction between the exogenously added H2O2 
and intracellular NO or nitrates present in the cell. The ONOO- formed could result in 
cysteine oxidation, tyrosine nitration or phosphorylation of residues in the 
transcription factor/s responsible for NHE-1 gene transcription. This could be another 
reason that results in NHE-1 gene repression. Therefore, we speculate that H2O2 acts 
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either directly or through the formation of intracellular ONOO- to mediate the 
oxidation of cysteine residues present in AP-2 or AP-2-like transcription factors that 
could be responsible for NHE-1 gene modulation during mild oxidative stress. 
Interestingly, our results show that inhibition of caspase 3 activity by pharmacological 
or siRNA gene silencing approach decreased ONOO- produced at fourteen hours after 
H2O2 treatment. At this moment, we could not find any study reporting on the role of 
caspases for the production of ROS. There is also no known inhibitory subunit of the 
NADPH oxidases/NOX system otherwise can be substrate of caspase 3.  Hence, how 
caspases assist in the production of intracellular ROS remains to be understood. We 































Figure 75: Hypothetical pathway showing the involvement of ONOO- in the 
inhibition of NHE-1 gene expression by an initial H2O2 stimulus 
H2O2 leads to the formation of ONOO- in the cell that also attribute to the down-
regulation of NHE-1 gene expression in the presence of iron. 
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4.5 NUCLEAR LOCALIZATION OF CASPASE 3 PROTEINS: FOR 
EFFICIENT GENE REGULATION OF NHE-1 DURING MILD OXIDATIVE 
STRESS 
 
Numerous reports show that a second burst of ROS occur in the cell following an 
initial drug trigger, and this is usually generated from the mitochondria. This 
tremendous increase of ROS caused an extensive oxidative stress to the cells. As a 
consequence, these cells are driven into apoptosis (Abramov et al., 2007; Le Bras et 
al., 2005; Taddei et al., 2007). However, recent articles report that besides 
mitochondria, ROS can be produced in other organelles such as peroxisomes and 
endoplasmic recticulum (Bonekamp et al., 2009; Malhotra and Kaufman, 2007).  
Our results demonstrated that ROS is produced in the nucleus of the cells upon an 
initial H2O2 treatment. NADPH oxidases/NOX are important sources for ROS. Our 
initial findings of NOX2 being expressed in the nucleus makes sense on a functional 
level. Activation of NOX2 is known to increase the production of O2•- in the cell and 
the production of O2•- may lead to the formation of ONOO- that is detected in L61.1 
cells.  
To make ONOO-, besides O2- we need the NO component. Nitric oxide synthase 
(NOS) catalyze the amino acid L-arginine into a variety of NO-related molecules 
(Dewanjee, 1997; Wei et al., 2005). nNOS and eNOS are activated by the interaction 
with calcium and calmodulin while calmodulin remains bound to iNOS at resting 
levels of calcium (Nathan and Xie, 1994). In general, NOS are susceptible to post-
translational modification by phosphorylation, nitrosylation (cysteine and iron), and 
oxygen concentration (Stamler and Meissner, 2001). Experimentally, NO can also be 
produced from nitric oxide donors such as sodium nitroprusside (Jaworski et al., 2001) 
and S-nitroso-N-acetyl-l,l-penicillamine (SNAP) (Kennedy et al., 2007). 
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I have earlier mentioned and discussed in the previous section that ONOO- is 
generated and involved in the down-regulation of NHE-1 promoter activity in L61.1 
cells. Therefore, we also attempted to investigate whether NOS is involved in this 
study. Our data demonstrate that in L6 cells, nNOS is the isoform that is expressed 
and NO is likely to be produced by nNOS in L6 cells. Corroborated with this finding, 
an article reported that L6 myotubes expressed nNOS but no detectable eNOS or 
iNOS (Nguyen and Tidball, 2003). In addition of nNOS protein expression, our 
results on DAF fluorescence also show an increase in the intensity with 50µM H2O2 at 
14 hour. Therefore, it is possible that ROS is made by NOX2 in the nucleus and react 
with any NO diffused inside to make ONOO-. However at this point in time, there is 
no report on the activation of nNOS by H2O2. Therefore, we are still unclear how an 
initial H2O2 signal eventually activates nNOS that is responsible for the production of 
NO in L6 cells. 
In this study, we also detect the expression and activity of caspase 3 in the nucleus of 
L61.1 cells. The increase in the activation of caspase 3 when induced with 50µM 
H2O2 in the nucleus is more than the increase in the cytosol. In line with this 
observation, 50µM H2O2 also increases the level of cleaved-caspase 3 proteins in the 
nucleus analyzed by western blot. Moreover, our results on the immunofluorescence 
staining for cleaved-caspase 3 also showed an increase in the fluorescence intensity 
with H2O2 in L6 cells’ nuclei. Interestingly, when apoptotic trigger was induced in 
these cells, a strong fluorescence signal was detected in the entire cell. Shrunken and 
fragmented nuclei that are two typical markers of apoptosis were observed in L61.1 
cells when treated with apoptotic drug STS. Though nuclear localization of caspases 3 
has always been related to cell apoptosis, this differential in cell morphology with 
50µM H2O2 and STS once again confirmed the repression of NHE-1 gene expression 
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in the absence of cell death. Our results are largely consistent with a study published 
(Meischl et al., 2006). It was reported that under ischemia, in addition to an increased 
cytosolic expression, NOX2 was localized mainly in the nucleus of apoptotic 
cardiomyocytes, where it colocalized with nitrotyrosine residues and activated 
caspase 3 (Meischl et al., 2006).  
In contrast, there is no significant increase in active caspase 3 protein expressions and 
activity in L61.1 cells when treated with aqueous ONOO-. We speculate that this is 
because ONOO- does not activate the production of intracellular iron that is critical for 
the downstream pathway. However, more solid evidence is required to further verify 
this postulation. Collectively, our data led us to hypothesize that the production of 
ROS and ONOO- in the late phase by an initial H2O2 stimulus is to activate or 
maintain the activation of caspases 3 such that the transcription factors of NHE-1 will 
be kept in check during mild oxidative stress. ONOO- alone also represses NHE-1 
gene expression, however it may be caspases 3 and 6 independent, and more likely 
targets on the transcription factors responsible for NHE-1 expression. We speculate 
that in the presence of iron, ONOO- could then induce the activation of caspases 3 and 
6 that result in the repression of NHE-1 gene expression. The postulated pathway is 

























Figure 76: Postulated pathway describing the generation of ONOO- in the 
nucleus upon an initial H2O2 trigger resulting in the inhibition of NHE-1 gene 
expression 
NO produced by nNOS diffuses into the cell’s nucleus and react with O2- to produce 
ONOO-. ONOO- is speculated to act on the transcription factors and down-regulate 
NHE-1 gene expression. Together with iron, ONOO- can then activate caspases to 
decrease NHE-1 promoter activity. Iron required for the activation of caspases 3 may 
be made in the nucleus by HO-1 or diffuses from the cytosol.  
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Detection of active caspase 3 in the nucleus is exciting; however at this point of time 
we still do not know whether pro-caspase 3 or active caspase 3 is translocated to the 
nucleus. In addition, there could be a presence of a sub-cellular population of caspase 
3 in the nucleus where it is activated during mild peroxide stress.  It has been showed 
that A-kinase-anchoring protein 95 (AKAP95) function as a caspase 3-binding protein 
and translocates caspase 3 from the cytosol to the nuclei after activation (Kamada et 
al., 2005). This means that caspases 3 could be activated in the cytosol initially, and a 
small pool of active caspases 3 is transported by a carrier protein into the nucleus 
where the activation is sustained for awhile by the nuclear ROS/ONOO- produced. 
However, we also detected the expression of pro-caspase 3 in the nucleus. Hence, we 
suspect that there could be an undiscovered pool of pro-caspases 3 already expressed 
and sequestered in the cell nucleus. Upon an appropriate stimulus and conditions, 
these caspases are activated. With this compartmentalization and signaling, the 
nuclear membrane remains intact and not disrupted like during apoptosis. 
Mitochondria and other pro-apoptotic players are not initiated; hence cell death and 
inflammation are avoided. A subpopulation of caspase 3 is found to be localized in 
the mitochondrial intermembrane space. These caspases are S-nitrosylated and only 
de-nitrosylate during an apoptotic signal (Mannick et al., 2001). Perhaps, there is also 
a sub-pool of pre-existing caspases 3 in the nucleus yet to be discovered. However, 
we could not eliminate the possibility that production of ROS from other organelles at 
this moment. We speculates that ROS production in the nucleus aids in the activation 
of caspase 3 to down-regulate NHE-1 gene expression in the absence of cell death.  
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4.6 ACTIVATION OF P38MAPK PATHWAY INVOLVES IN THE DOWN-
REGULATION OF NHE-1 PROMOTER ACTIVITY 
 
The phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathways, nuclear 
factor erythroid 2-related factor 2 (Nrf-2) as well as activation of MAPK pathways 
have been shown to be involved in the regulation of HO-1 expression in response to a 
diverse stimuli (Lim et al., 2007; Ryter et al., 2002). Our results show that activation 
of p38MAPK pathway is involved in the repression of NHE-1 promoter activity 
induced by non-toxic doses of H2O2. Fifty micromolars of H2O2 increases the 
phosphorylation of p38MAPK, and the inhibitory effect of p38MAPK on NHE-1 
promoter activity can be reverted by specific inhibitor of p38MAPK, SB202190. In 
line with our findings, it has been demonstrated that 15d-PGJ2 significantly induced 
ROS/NO production and HO-1 expression in vascular smooth muscle cell (VSMC) 
using the Nrf-2 pathway. This pathway is dependent on p38MAPK and not JNK or 
ERK1/2 as only inhibiting of p38MAPK by inhibitor SB203580 abolished 15d-PGJ2-
induced HO-1 expression (Lim et al., 2007). Moreover, a recent report has indicated 
that simvastatin induced a dose- and time-dependent increase of HO-1 protein 
expression in Neuro 2A cells. This follows by the increase of cleaved-caspases 3 
expressions (Hsieh et al., 2008b). Their results show that activation of HO-1 leads to 
the activation of caspases 3 suggests the possibility that iron is important for the 
activation of caspases 3. We therefore, think that activation of p38MAPK by mild 
oxidative stress could increase the expression of HO-1 and hence lead to the increase 
in intracellular iron level transiently to activate caspases 3 and/or 6.  
It is well-established that H2O2 induces a stress signal and activates p38MAPK 
pathway (Bhat and Zhang, 1999; Blanc et al., 2003). Apart from peroxide signal, 
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ONOO- has also been shown to be extremely efficient in activating p38MAPK 
(Pacher et al., 2007). Besides the direct action of the diffused H2O2 from the medium, 
formation of ONOO- found in the early hours of our study could also activate the 
p38MAPK cascade. Our results has demonstrated that treating L61.1 cells with 
150µM ONOO- decrease NHE-1 promoter activity similarly as the treatment with 
50µM H2O2 in the absence of cell death. However, ONOO- does not seem to increase 
HO-1 expression suggesting that it does not induce the production of intracellular iron. 
Most of the studies on p38MAPK signaling cascade highlight its role in the event of 
cell death. For example, ONOO- has been reported to induce a decrease in activating 
phosphorylation of AKT through the activation of p38MAPK by increasing the 
activity of protein phosphatase PP2A in enterocytes (Guner et al., 2009). However, 
activation of p38MAPK by stress stimuli may not be necessary and always promote 
cell death. In some circumstances, it enhances cell survival instead. A recent report 
show that cisplatin and doxorubicin induced the pathway involving 
p38MAPK/MAPKAP Kinase-2 (MK2), and showed that down-regulation of MK2 by 
gene silencing resulted in a dramatic reduction in tumor size. Since MK2 is a 
downstream substrate of p38MAPK, this result indirectly indicates that p38MAPK 
promotes tumor cell survival after DNA damage (Reinhardt et al., 2007). p38MAPK 
can also mediate cell survival in non-malignant cells. Both p38MAPK and 
serine/threonine phosphatase calcineurin have been shown to activate myocyte 
enhancer factor 2 (MEF2) in the presence of calcium for neuronal cell survival (Mao 
and Wiedmann, 1999). Activation of p38MAPK in cardiac myocytes by the over-
expression of constitutively active MKK6 protected cells from anisomycin-induced 
apoptosis. This protection was blocked by SB203580, a selective p38MAPK inhibitor 
(Zechner et al., 1998). Interestingly, it has been reported that p38MAPK induces 
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phosphorylation at serine-362 and serine-150 of caspases 8 and 3 and inhibit the 
activities of these caspases in neutrophils (Alvarado-Kristensson et al., 2004). Even 
though this report shares a different role of p38MAPK on caspases, nevertheless our 
investigation focus on searching for the pathway that eventually generate the extra 
iron required for caspases 3 activation. Most likely, p38MAPK-HO-1 signaling is just 
one of the pathways that lead to the production of iron during mild oxidative stress. 
Since p38MAPK has a duel role in cell viability, this can support our results that 
activation of p38MAPK happens in a non-death condition. Although less frequently 
reported, p38MAPK has a role in mediating cell survival. Based on our knowledge, 
how p38MAPK differentiate which substrates (pro-apoptotic or pro-survival) to 
phosphorylate and activate is still unclear at the moment and remains to be determined. 
Most likely this is dependent on the type or strength of stimulus as well as in the cell 
types.  
Our results provide an insight into the mechanisms by which activated p38MAPK 
promotes NHE-1 gene repression by an initial H2O2 trigger in the absence of cell 
death. This is most likely to involve the induction of HO-1 protein expression and 
activity to release intracellular iron. In addition, activation of p38MAPK might have a 
direct effect on NHE-1 promoter activity too. However, more solid evidence is 
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4.7 NHE-1 EXPRESSION AS AN IMPORTANT DETERMINANT FOR 
CELL TRANSFORMATION: A POSSIBLE INITIATOR FOR 
TUMORIGENESIS? 
 
Mammalian cells have different responses toward oxidative stress, depending on the 
level of stress insults. It has been reported that different concentrations of H2O2 affect 
different pathways and hence have a different outcome. Exposure of cells to low 
doses of H2O2 can induce cell proliferation, whereas slightly higher can result in a 
transient cell growth arrest (Wiese et al., 1995). Chronic exposure to mild oxidative 
stress can switch arrested mitotic cells into permanent growth-arrest stage (Chen, 
2000; Giorgio et al., 2007). If bolus amount of H2O2 is added to the cultured cells that 
exceed the capacity of antioxidants defence of the cells, cells will undergo apoptosis 
to protect cells in the vicinity from further damage, and even necrosis with severe 
oxidative stress conditions (Clement et al., 1998; Wiese et al., 1995).   
In the presence work, we have demonstrated a pathway whereby H2O2-mediated 
activation of mainly caspases 3 is required to maintain the repression of NHE-1 gene 
and protein expression in L61.1 cells. The physiological relevance of such a sustained 
oxidative repression of NHE-1 could be during mild oxidative stress, transcription 
factors for NHE-1 may be subjected oxidation and depletion to the transient activation 
of caspases 3 and 6 as well as the production of intracellular ONOO- in the late phase. 
This could lead to a long-term decrease of NHE-1 expression without the need for 
constant incubation and exposure to ROS. Chronic decrease in NHE-1 expression 
could induce acidification of the intracellular milieu (Akram et al., 2006b) or impair 
cell growth and proliferation through the accumulation in the G2/M phase of the cell 
cycle (Putney and Barber, 2003). To that regards, we showed that exposure of L61.1 
cells and NIH3T3 cells to non-lethal doses of H2O2 induced cell growth arrest. 
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However, this growth arrest is reversible along with the activation of NHE-1 promoter 
activity when cells were put into medium with full serum after treating with H2O2. 
From a recent report, we know that p38MAPK pathway could also be involved in the 
induction of G2/M checkpoint in response to stress stimuli that results in the 
generation of double strand breaks (Thornton and Rincon, 2009). Activation of 
p38MAPK pathway seems to be mediated by thousand and one amino acid (TAO) 
kinases which are directly activated by ataxia telangiectasia mutated (ATM) during 
DNA damage (Raman et al., 2007). Findings in our laboratory showed that in 
response to 50µM H2O2, L6 cells undergone mild DNA damage and this subsequently 
lead to the activation of caspases 3 and a decrease in pHi. Absence of caspases 3 
activity during mild oxidative stress could increase the chance of any mutated 
population to survive and switch to a tumor phenotype. The activation of cell cycle 
checkpoint and transient cell growth arrest could allow sufficient time for DNA repair, 
otherwise cells will be driven into permanent arrest, senescence or sensitize to 
apoptosis to prevent transformation and tumorigenesis.  
Our results also showed that H2O2 at 50µM decrease the set-point of NHE at both 24 
hour and 48 hour post-treatment. Set-point in this context refers to the intracellular pH 
(pHi) value below which NHE-1 becomes activated (Cardone et al., 2005b), and NHE 
activity measures the ability of the exchangers to recover to the original pHi after an 
acid loading. Since cellular alkalinization induces cell proliferation that is independent 
of serum and substrate anchorage (Cardone et al., 2005b), the decrease in the set-
point by the inhibition of NHE-1 gene expression could prevent normal cells from 
undergoing transformation and tumor cells from further proliferation.  
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Studying on the long-term regulation of NHE-1 has garnered more attentions in recent 
years. Designing therapies that target directly at the gene may abolish side effects 
generated using pharmacological NHE-1 inhibitors. Interestingly, our group has 
recently discovered that peroxisome proliferators-activated receptor-γ (PPARγ) 
agonists down-regulated the expression of NHE-1 which sensitized the human breast 
cells to drug-induced apoptosis (Kumar et al, in press). We believed that 
transcriptional repression of NHE-1 can be a promising new approach to breast cancer 
therapy. Nevertheless, further exploration in this area of research is required as the 
exact mechanism of transcriptional modulation is not well defined. Inhibiting NHE-1 
to treat cancers remains to be a useful strategy with further investigations to elucidate 
the mechanisms of both short-term and long-term regulations of NHE-1.  
A summary of the pathways established and postulated in this project is illustrated in 



























Figure 77: Proposed model of pathways involved in H2O2-mediated NHE-1 gene 
repression 
H2O2 leads to NHE-1 gene down-regulation by the activation of caspase 3 and/or 6. 
Activation of caspase 3 and 6 depends on the presence of iron. Production of ONOO- 
in the late phase via activation of NOX2 and nNOS is postulated to maintain caspase 
3 in its active state. A non-toxic concentration of H2O2 may induce mild DNA 
damage and replication stress. This results in SSB or DSB of DNA most likely 
through the formation of OH• in the presence of iron and H2O2. This in turn activates 
p38MAPK pathway. Inhibition of NHE-1 gene expression results in an overall drop in 
pHi. This promotes growth arrest, senescence and even aging in cells upon chronic 
oxidative stress. In addition, acidification can sensitize tumor cells to death. Together, 
these pathways could generate an environment to inhibit transformation and 
tumorigenesis in cells undergoing oxidative stress through the regulation of NHE-1 by 
caspase 3.  
(TF: Transcription factor involved in NHE-1 expression, pHi: intracellular pH, SSB: 
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4.8 CONCLUSION  
 
Taken together, our results present evidence that apart from executing cell apoptosis, 
caspase 3 has a role in oxidative repression of gene expression in the absence of 
initiator caspase activation and cell death. The activation of caspase 3 is transient and 
is dependent on the presence of iron and ONOO- instead. Future research is needed to 
elucidate the mechanism of how iron and ONOO- work together to activate caspase 3 
in the nucleus during mild oxidative stress. This pathway leading to the repression of 
NHE-1 protein expression by mild oxidative stress is important for the understanding 
of the ability of cells to senesce or transform. In the course of this work, though a 
number of questions have arose that calls for further investigation, our findings places 
activation of caspases 3 as critical sensor that may decide if cells can grow following 
mild oxidative stress. Overcoming this sensor may be what is needed to lead to 
tumorigenesis upon chronic oxidative stress. Furthermore in the clinical aspect, 
emerging evidence has demonstrated quite a number of anticancer agents function by 
the production of free radicals such as H2O2 to kill or suppress the tumor cells, and 
increased NHE-1 expression has been shown to be associated with carcinogenesis. 
Hence, targeting the expression of NHE-1 could be a unique and promising approach 
for cancer therapy. In conclusion, we believe that studies from this project could 
provide valuable data for designing selective therapies against cancer in the future, 
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